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ABSTRACT

A theoretical and experimental study of microwave
breakdcwn in waveguide was made, A survey was made of the
available literature on the subject of high-power breakdown,
with particular emphasis upon breakdown in the microwave
region. A bibliography of the available literature on the
subject of high-power breaskdown is given in Appendilx A.

The fundamental concepts of direct-current break-
down are discussed and the extenslien of these ideas to
slternating-current breakdown is shown., The prominent
theories of microwave breakdown, both for continuous-wave
and pulsed power, are presented and the pertinent experi-
mental data are examined for consistency and agreement with
thecry. It is shown that from a statisticel viewpoint the
avallable data on microwave breakdown are corsistent,

An experimental approach for determining microwave
preakdown, based upon the statlistical nature of breakdown, is
presented wherein the breakdown power was datermined from a
plot of sparking probability vs power, A microwave test
circuit was designed to experimentally determine the sparking
probability. The jndividual comporents sre dlscussed both
as to purpose and physical form, One unique component is a
photocell and electronic counter for detecting and recording

the light from the breakdown spark. An evaluation of the
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errors introduced by the test circuit components is also
made. The measurement procedure proposed jielded sufficient
data to completely describe the power-handling capacity of
the test components,

Tre sxperimental use of cobalt 60 as a source of
electrons to initiate breakdown was investigatsd and found
useful. It permitted the accurate determination of thes onset
stress and at the same time reduccd the time required for the
test. The use of various devices, such as microphones,
Tempilag, starch,.and photographic paper, for de termining the
region of breakdown was investigated. The derendence of peak-
power capacity on the important microwave 677 parame ters
such as pulse width, pulse shape, repet2.. . irequency, gas
pressure, nature of the gas, mechanical finisl, pleting
material, and fraocuency, was theoretically and experimer.tally
investigated.

The peak-power capaclty of waveguide and a wide
variety of components as a function of 7as pPressure was
studied, The results of the tests are uh3cussed i terms of
the statistical theory of L. cakdown an¢ the similarity in
design configuration of the components,

One phase of the program was concerned with inves-
tigating the breakdown characteristics of the basic microwave

structures or building blocks from which microwave components

i1 CONFIDENTIAL
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are sythesized., The microwave structures investigated wers

probes, tends, posts, slots, 4rises, and twists,

the proximity effects of the structures and the

In addition,

existence of

more than cne type of breal’iown wWas atudied. DLata are pre-

sented on building block ilructuras wro .., will be useful to

the microwave componsni develo, & eng ineer. This approach

will reduce the time required ' .:3ilen high~power microwsave

compornients, Finaily, methods of ir - i g exlsting com-

ponents are presente., Recommendations for future work &are

made.
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zr LIST OF ILLUSTRATIONS (cont)
Filgure Title
118 B0 itelative Power Capacity vs Post Length for

Flat and 3pherical-Ended Capacitive Wave-
guide Posts (Refer to Tables 15 and 16)

112, LN Power vs LY Pressure for Thin Inductive
Strip (d = 0.250")

113, LN Power vs LN Pressure for Thin Capacitive
Strip (4 varied)
114, LN Power vs LN Pressure for Cylincrical -
Rod (d vaired)
p 1y 198 Waveguide Apertures
116. LN Power vs LN Pressure for Longitudinal
Aperture in Broad Wall
> & 117. LN Power vs Pressure for Round Aperture
< in Broad WVall
118. Power Capacity vs 3Susceptance
}
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SECTION A
PURPOSE

1. PURPOSE OF DEVELOPMENT

Ty

This contract is primarily concerned with the devel-
opment of a measurement technique to determine wavegulde peeak-
power capacity as a function of several electrical and mechan-
ical variebles., A secondary purpose involves the determinatlion
of the peak-power capacity df specified components in l-inch
x 1/2-inch x ,050-inch waveguide. The experlimental deter-

mination of the peak-power capacity of specified components

&9

in the 3-inch x 1-1/2-inch x .080-inch waveguide slze was ’
deleted from the contract because of the continued unavail-

ability of an S-band power source. In its place a program to
determine the breakdown characteristics of basic microwave

structures or "building-blocks" was substituted.
2. STUDY AND WORK PHASES

The program was divided as follows:
a., study and full appraisal of all avallable technical
information on the subject of breakdown in wavegulde trans-

mission lirnes and components

1 CONFIDENTIAL
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b. study and experimental investigation of various means

for the positive measurement of peak-power capacity

c. development of the techniques required for the appli-

cation of the method of measursment chosen from b.

d., investigation into the problem of determining the

breakdown region

e. application of the results of the previously describted
work to an investigation of the dependence of peak-power

capaclty upon the following design parameters:

(1) pulse duration

(2) pulse shape

(3) pulse repetition frequency
(4) gas pressure

(5) nature cf the gas

(6) mechanical finish

(7) plating material

(8) microwave frequency

f., testing the following l-inch x 1/2-inch x ,050-inch

waveguide components:

(1) DA-22/U termination
(2) CU-206/U directional coupler
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(3)
(4)
(5)
(6)
(7)
(8)
(9)
i (10)
E

|

(11)
(12)
(13)
(14)
(15)
* (16)
(17)
(18)
(19)
(20)
(21)

¢
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CU-16l/U interlocked flexible waveguide

CU-168/U convoluted flexible waveguide

UG-44;6/U waveguide-to-type N adapter

UG-;S6/U series tee

Us-457/U shunt tee

UG-404A/U-to-UG-39/U, choke-to-cover flange connection
UG-39,/U-to-UG-39/U, cover-to-cover flange connection
rotating joint, circular-wavegulde type

rotating joint, rectangular-waveguide type
directional coupler, branch-guide, 10-db
directional coupler, two-hole, 20-db

directional coupler, Bethe-hole, 25-db

directional coupler, long-slot, 10-db

directional coupler, Schwinger, 30-db

waveguide switch, rotating-drive type

waveguide switch, resonant-ring type

waveguide switch, rotating-disk type

hybrid-ring duplexer

conventional wavegulde dupliexer

The investigation of the breakdown characteristics

of the basic microwave structures or bullding blocks stressed

investigation of the:

&, performance of the bullding blocks

b. proximity effects of the bullding blocks

¢
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c. exlsting components to analyze weak 1inks on the basils

cf the results of the building-block investigation

d. improvement of existing components based on utilizing

optimized building blocks

e. exlstence of more than one type of breakdown

The following basic microwave structures, or
butlding blocks, received the major empha:s's under this

program:

a, probes
b. bends
c. posts
d. slots
e. 1rises

f. twists
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SECTICKN B

GENERAL FACTUAL DATA
3. REFERENCES

All references cited ir the text are listed

alphabetically accordiag to the authors in Appendix I.
Iy, FORMULAE
L.1 General

The mathematlical considerations concerning certain
phasses of this program are presented herein. Additional
mathematical analyse's, whose development is an integral
part of the material under discussion, are included in
Section C, Detail Factual Data,

L.2 Sliding Mismatch Reflectometer Method for VSWR Measure-
ment (Fifth Quarterly Report)::

The error analysis made on the sliding mismatch
reflectometer method for VSWh was based on the use of the

test circuit shown in figure 1,
The following notations were used:

¢ = difference in coupled power between forward and
backward directions in the auxiliary line

d = directivity of the coupler (assumed symmetrical)

% ReTers™ to The interim report in which the detailed analysis
may be found.
S CONFIDENTIAL




&)

-

CONFIDENTIAL

'y = bend voltage reflection coefficient {(assumed equal
in both directions)

Fg = pressure-window voltage reflection coefficient
{assumed symmetrical)

rg = coupling-structure voltage reflection coefficisnt
{assumed symmetrical)

Ty = detector voltage reflection coefficlaent

a = voltage reflection coefficient of unknown

b = voltage reflection coefficient of sliding mismatch

Case 1 of the analysis considered that the detector
was on the arm of the secondary waveguide which received the
incident power, ané that the sliding mismatch was on the arm
which received the reflected power. For Case 2 of the
analysis, it was consldered that the detector was on the arm
which received the roflected power, and that the sliding

mismatch was on the arm which received the incident power.

The maximum relative error for Cases 1 and 2 for
several special conditions are the quantities of interest,
First when

a << 1, b<<1

for Case 1,

d+r‘1+f‘2+{“4
maximum relative error = (1)
1+a

for Case 2,
d+TIy

1+a

maximum relative error

6 CONFIDENTIAL
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Now consider the where

for Case 1,

d *r&-+r2 +

q . 4
maximum relative error = {3)
1+a
for Case 2,
d-frl
. _ 1#1"1+l"2+l"3+l"4
maximum relative error = (4)
1+ a
When
a =1, b << 1
for Case 1,
c-erzo»r4
1+r1+d
maximum relative error = ——m————— (5)
1+a
for Case 2,
c-FQ-Fé

maximum relative error = {5)

when

for Case 1,
c+r1+2r2»~r3+2r‘4

1+, +d

1+a

!
—
~3¥
~—

maximum relative crror =

for Case 2,

maxlimum relative error = {3)
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A comparison of all four conditions of a and b
shows that the maximum error is less for Case 2 than for
Case 1. 1In addition, it can easily be shown that thse

probable error is less for Case 2,

The question arose as to what was the optimum value
of b to minimlize the error, When a 1s small, the error is
smailer for b =1 than for s << 1; and where a = 1, the
error is smaller for b << 1, There are several other factors
which must be considered, First, for small values of b the
varlation of power at the detector is small as the mismatch
is moved., This will magnify errors in meter resding and any
errors due to nolse or other random fluctuations, Second, 1if
the values of a and b are of the same order, it is im-
possible to determine by a single measurement which of these
values is the larger. This results in an essential ambiguity
in the determination of the unknown VSWR, since the function
of VSWR versus meter indication is double-valued. All of the
above considerations suggest that a value of b =1 will
yield the most effective results,

L.3 Root-Mean-Square Technique for Classifing Surface
Roughness {(Twelfth Quarterly Report)

The root-mean-square technique for classifying sur-

face roughnsss 1s applicable to machined surfaces only. Sur-

faces produced by casting, molding, forging, rolling or some

8 CONFIDENTIAL
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similar technique cannot be specified by an RMS value. The
terin RSM is defined as the square root of the sum of the
squares of n measurements of the heights and édepths of the
surface divided by n., This definition expressed as an

equation bscomes

AMS = ’A2-+BZ-+C2 - nz. (9)

n

The heights and depths of the surface were measured in
microinches from & mean surface, that 1s, an imaginary sur-
face that would occur if the valleys and pesks were averaged

to zero.

The RMS value is truly representative of a machined
surface because it gives appropriate emphasis to the peaks
and valleys comprising the surface. The actual readings were
taken with a profilometer which consisted c¢f a stylus that
ran along the machined surface and was connected to an

effective-reading voltmeter calibrated to read in microinches.

The wavegulide sections actually tested were fabri-
cated by using a milling tool cutter which was preset to a
fixed angle. The roughness of the finish was then varied by
adjusting the feed rate of the work 1lnto the tool. In this

manner the depth and spacing of the grooves were varled

9 CONFIDENTIAL
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L.y Power Capacity of H-Plasne Wavegulde Bend (Thirteenth
Quarterly Report)

In order to obtain an e¢xpression for the pesk-power
capacity of an H-plane bend as a function of the radius of
curvature, the bend section of the waveguide was visualilzed
as a radial-line structure in which the electric-flield d4is-
tribution was represented by a Bessel function., The partic-
uler distribution then could be determined by consldering
propagation in the transverse direction (along the radius of
the radial line) and using standard techniques to find the
resonant length. Once the particular half cycle of the
particular Bessel function was determined, the power capacity
of ths bend could be related to the power-carrying capaclity
of rectangular wavegulide. For the particular dimenslons
chosen, this resulted in a pcwer-carrying capacity of 97 per-
cent of standard wavegulde, Accecrding to the theory, this is
the value of power-carrying capacity that is obtained for the
worst case of zero radius, and, as the radius 1s increased,
the peak-power-carrying capacity will approach 100 percent of

waveguide power.

The analysis assumed a waveguide of constant cross
section and neglected the effect of mismatches due to the

ends of the bend.
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L.5 Power Cavacity of E-Plane Waveguide Bend {(Thirteenth
Quarterly Report)

An approximate expression for the pesak-power capac-
ity of E-plana bends as a function of the radius was obtained
by comparing the bend to a coaxiel wavzguide, Figure 2 shows
a sketch of the pertinent dimensions for the E-plane bend,
Thie detalled analysis leads to the foliowing expression for

the peak-power capacity of an E-plare bend as a function of

the radius:
2
R
Rl ln ‘R—2]
. - 1
Pouer(g_plane bend) = _ﬁgtiﬂfl x 100 (10)

expressed as a percentage of the waveguide powur. A normal-

1zed plot of equation 10 is shown in filgurse 2.

This analysls assumed a constant cross-sectional
area in the bend and neglected the effect of the discontinui-
ties at the ends of the bend due to a change of characteris-
tic impedance.

L.6 Effect of VSWR Upon Peak-Power Capacity (Fourteenth
Quarterly Report)
a. Introluction

The effect of V3SWR upon the peak-power capacity of

waveguide transmission lines has been theoretically analyzed

il CCNFIDENTIAL
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before*. The purpose of this paragraph i1s to relterates,
clarify, ard extend the analysis so that the theoretical and

experimentel results can be compared,

Voltage standing-wave ratio (VSWR) and the reflection coef-

ficient ( " ) may be defined as:

12,1 + |E_]
VIWR = — = (11}
g1 - IE_]
where
Ei = incident voltage in transmission line
Er = reflected voltage in transmission line

[R5}

o

By combining equations {11) and (12}, the following

relationships between VSWR and I are obtalned:

VEWR - 1

D =
I VEiwr + 1 150
Y 1+ |
vewg = L2101 (14)
1 - |}

b, Los=les=ss, Mismatched Line

The first case considered was that of a single

mismatch situated in a transmission line., It was assumed

#See ref. 1, pp. 169-170 and ref, 81, pp, 30-31
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that the line was lossless, that the generator was matclied

to the line, and that the mismatch was a pure shunt reactance,.

mitted was fcund to bhe

1

(15)

iv’
[
[an]
(@]

.lmax ( N 2
(1 + 1]}

where
leax = maximum transmitted power for lossless,
mismatched line
Equation (15) is expressed as a percentage of full

waveguide power,
c. Lossy, rffismatched Line

The equation for a lossy llne can be obtained in =z
similar manner, except that the attenuation of the incident
and reflected waves as they travel along the transmission
line must be taken into account, The attenuation in the line
willi Increase over that value for a matched iine as a result
of the presence of the mismatch%. The assumptions for this
analysis were that the mismatch 1s a pure shunt reactance and
that the sttenuation 1s linear with distance. It was found
that brestdown will always occur at the point of maximum

voltage which is closest to the generator,
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The transmitted power was found to be

o/ = 1 on
¥ g B 160 (16)

[1 + || xz}

e
i

where

PZmax = naximum transmitted power fci lcssy,
mismatched line.

) 1

* T ]

1~ra—1 -

g ~

20

i ! = distance between generator and mismatch, in feet,
¥ bower lost db
ar - 5 =

power incident ft

Equation (15) 1s expressed as a percentags of full waveguids

power.
d. Lossless, Mismatched Cavity

Two mismatches, properly spaced in a transmission
1ine to form a resonant cavity, were considered next. This
analysis was performed assuming that there were nno losses,
that the mismatch was represented by a pure shunt reactance,

and that the input V3WR to the cavity was unity.

The maximum transmitted power for a lossless matched

cavity in terms of the VSWR of one of the mismatches was found

to be

1L CONFIDENTIAL
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Pyuax TIVh 100
where
e = maximum transmitted power for lossless,

s matched cavity.

Equation {17) 1s expr=ssed as a percentage of full wavegulde

power.
e, Lossy, Mismatched Cavity

In order to extend this cavity analysis so that it
can have more practicai applicacion, the various 10sses were
considsred. The two maln losses were dus to the attenuation
in the line and to the mismatch at the input terminals to
the cavity., For this case, the attenuation was assuned to
be linear with distance and the mismatch was assumed to be

a pure shunt reactance.

The maxirrum transmitted power for a lossy, mis-

matched cavity was found to be:

1 ‘ 1’r22E

L1 +x2I'."2[)2} Lo

)

where :

F

2 reflection cosfficient for total cavity

15 CONFIDENTIAL
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72 = rellection coefficlent of mismatch further from
the gererater .

and

x = maximum valus of the incid
having been attenuated in

arn

=P
>
%

t voltage wave after
raveling along the 1lin

a distance Ls
If
L = dlstance between mismatches
then:
log a "L
20

Zquation (18) 1s exprsssed as a percentage of full waveguide

power.

C. G. Kcntgomery* considered some of the basic
propertiss of resonant cavities that use an inductive iris
the ccupling mechanlism., The following equation 1s used in this
report, and 1s derived for the case of lossless, matched,

iris-coupled, short-circulted, waveguide, resornant cavity:

)
»
1
ny

N
+
o]
g
W l o]
]
[
+
}»‘
—a
Ne}

where

Bo = normallzed susceptance of the mismatch,

For Bo >> 1, ths voltage lncrease can be reduced
to the following expression:

#3ee ref. 79, pp. 167 and 152-186
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A. Lawscn and R, Fano' derivad the following
expressicn for the losded Q of a lossliess, matched cavity

formed ty two shunt reactances:

)
12

where

n = number of half wavelengths in length of cavity

o [L}z

L
LF:

Ye
-
°

A = fres-space wavelength

A. = waveguide wavelength

x

When BO >> 1, the Q factor becomes

Tk
nr ~g

= —— R e ~
ay, T 2o l | {22)

By combining equations (22) and (20), for the case of

Bo >>1, maximum cavity voltage was found to be

28]
WM
—

N :_4.- _\_
5 nw ‘] L [Kg} |

#See ref., 58, p. 654 - 657
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L.7 Pe
(Fifteenth Quarterly Report)

The transmitted power in a wavegulde can be

determined from Poynting's equation which is stated as

follcws:

PT:J"EXNI"J‘A
whers
PT = transmitted power
E = electric field
E = magnetic fielad
A = cross-sectional srea of the waveguide
‘. For the dominant mode in a rectangular wavegulde,
H = KE
and
dA = b dx
where
K = a censtant

b = narrow dimension of wavegulde

b
]

distance along brosd dimension

wer Capeacity of Rectanguler and Ridge Wavegulde
.

-
we’
ey

The transmitted power for rectangular wavegulide

(PT ) can therefors be written as:

18 CONFID
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Pe = 88" b dx (27

If 1t is assumed that tre same voltage gradient
causes breakdown for btoth the ridge and rectangular waveguide,
then the ratio of the transmitted power for ridge waveguide
to that for rectangular wavegulide can be formulated, and
the power capacity of ridge waveguide as a function of the
known power capacity of rectangular waveguide can be obtained.

These operations are performed as follows:

For rectangular wavegulde,

X

£, = E. sin —— volts per centimeter (23}
where
Eo = peak value of the electric fleld, in volts per
centimeter
& = broad dimension of waveguide

If equation (28) is substituted into equation (27),

Evaluating this integral over the limits shown
results in the following expression for the transmitted

power in rectanguler waveguide:
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{o obtain the field comporients for ridge waveguide,

reference is made to

Cohn's(IZ) article on ridge waveguide

and to figure 3, The electric field can be divided into two

Ssctions as follows:

rey

1)

[

All factors
follows:

7
1}

1 electric

ey
i

2 = electric
waveguid

€ = angular

52 = angular
to edge

51 = angular
waveguld

t, = height o

= E, cos & 3§5§92 {31)
b2 905 %2 (6. +8 ) (32)
T bysine, o ¢ oyrEa-4 3
= £ =2 £ 1
8y 253 (5, +6,)

described in figure 3 can be stated as

field in region abovs ridgs

field in region between ridge and
3 side wall .

distance along broad dimension

distance from centerline of ridgs
of ridge

distance from edge of ridge to
e wall

f waveguide in section with ridgs

bl = height of wavegulde in section without the

ridge

anitd,
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The transmitted power In ridge waveguide (Py )} is,

2
therefore.
> = ofxr. 2 4 rrs 2 aa
"‘T'\ = Z‘,L‘.Ll .‘A*QJL:JE CGrn (33)
but
dd = b dx 24)
)\I
(o]
ix = = dé (251
LT
where
kc’= wavelength in free space at the ridge wave-
guide cutoff frequency
Therefore,
N E, \’ (b2
o =2 £ Il Y ¥b,T 2 coz2p 4g % e [.g‘
Tz e &S Q@ Ly Je. tb
[ o) < lJ
cos 8,12 (5, 8.1
< Q ! ° l"::
(5o 9y €9
sin<(é, + 6. - &) 48 (36)
Integration of equation (236) yields the following:
«
Nt PO
= - c - < 1 1 -
E—L,E—Bz = KE [592*251n262+
t €Oy & .
%2 N= 211 1 I
é_, ‘SI.‘ - ][2 51 *-4-51{1 2 c‘l}‘ (37)
15 p | }
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Equations (30) ard (37) represent the transmitted
power for rectangular and ridgs waveguide respectively. The
power-cerrying capaclty of the ridge wavegulde 2s a function
cf the power-carrying of the rectangular waveguide 1s obtained
by dividing equation (37) by equation (30).

L.8 Scaling Techniques for the Power Capacity of Waveguldes
(Fifteenth Quarterly Report)

Scaling of the power capacity of wavegulde from

one size to another was performed in the following mannsr:

*
The continuous-wave peak-power capacity 1s

A
Py = kB,® 2b - watts (3
g

where
¥ = a constant

Eo = peak value of el=sctric fileld, in volts per
centimeter

ab = area of a waveguide having dimensions a and b
A = free-space wavelength

Ag = wavegulde wavelength

Both the voltage gradient and the constant can be

eliminated from equation {38), =ince the continuous-wave

#3ee ref, 81, p 124
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peak-power capacity of 1l-inch x 1/2-inch x .050-inch wave-

gulde has been measured (refer to parazgraph 10.1g).

Equation (38) then becomes

A
Py = 4.0 ab T megawatts 3%}
4

whare

.o = kEoe, as determined from the data obtained

in 1- x 1/2- x 0,050-inch waveguide size
using the February 1956 test results (sese
figure 39)

ab = wavegulde area in square inches

Investigation in 1- x 1/2- x 0.050-inch wavegulde
has shown that tha power is proportional to the pulse width
ralsed to the 1/3 power, over the range from O.l4 to 2.2
mlcroseconds (refer to paragraph 9.2)., In the regicn of
2.35 microseconds the 1/3-power curve levels off, and for

pulse widths greater than 2,35 microseconds the breakdown

~haracteristics are the same as for continuous-wave power,
In order to extrapolate this information to other {requency
ranges 1t was assumed that the ratic of the pulse width to
the r-f frequency is the major factor that determines the
value at which the pulse width 1s so large as to appear as s
continuous wave, For a discussion of this assumption refer

to the fifteenth interim report,
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Cn the basis of this assumption

¢ = 9’;’ 2.35 microseconds (40)

where
E = threshold pulse width at which the breakdown
characteristics for pulsed- and continuous-
wave power are the same

f = frequency of operation, in megacycles

Cnce g was found, the scaling factor for the
desired pulse width was determined by using the 1/3-power law.

The equation for the power capaclty now 1is

Pw = 4.0 ab F {E- megawatts {41)
T

where

7 = pulse width (in microseconds) for which the
power capacity is desired.

2.35| 8 27 28

Since very little information was obtalned for
pulse widths of less than 0.4 microsecond, it was difficult
to predict what happens to the breakdown characteristics for
short pulse widths., However, since the range covered In this
analysis applies to most practical cases the information

contained in equaticn (41) should prove very useful.
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The effect of pulse-repetition rate upon peak-power
capacity was investigated (see paragraph 9,2) and it wa-
found that the powsr capacity was proportional to the
repetition rate ralsed to the 1/15 power, in the range from
LOC to 2500 pps. It was assumed that the effect of repeti-
tion rate is independent of frequency; this is discussed in
the fifteenth interium report, Wnen this factor was included

in equation (L), the following equation resulted:

i
L » f8]® (2500)2/25
Py = 4.0 abd :; {:} [ i megawat .s (42

where

r = pulse-repetition rate

No data was obtained for values of repetition rats
less than /00 or greater than 2500 pps., It is difficult to
predict what happens to the power capacity when the pulse-
repetition frequency is reduced to values lower than 40O,
but it is likely that the effect becomes smaller above 2500
pps. However, the values coversd in this report represent
those generally encountered in practical applications.

L.9 Voltage Gradient in the Swayback Gap Section (Eighteenth
Quarterly Report)
The swayback was experimentally found to consist of

two lumped discontinuities, Fl and Fz of equal magnitude

es CONFIDENTIAL
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with an overall reflection coefficient F3. The effective
breakdown power, in the swayback reduced-helight section
(Peff) between ry end ', due to the cavity effect in terms
of the measured power incident on the test section (Po), was

calculated to be
2
Fape = {1 - |F3l (VSWR), P, (43)
L.10 Breakdown-Power Accuracy as a Function of Pressure

An expression for the error in breakdown power due
to the error in pressure was required, Tests have shown that
the breakdown power for standard wavegulde is proportional to
the square of the absolute pressure, This may be stated
mathematically as follows:

2

P = Kp {44)
where

P = peak power

P = absolute pressure

a proportionality constant

Equation (44) may be differentiated to obtain the
incremental change in breakdown power, dP, due to an in-
cremenital change 1n pressure, dp. Thus,

dP = 2Kpdp
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Equation (45) is exactly correct only for infinitesmal changes
in power and pressure. However, an approximate expression
can be derived in terms of measurable quantities, which will

be sufficiently accurate for the pPresent application.

To derive this expression let
AP = 2Kp Ap (46)

where

Ap = an increment of pressure corresponding to the
error in the pressure measurement

AP an increment of power corresponding to the

resultant errcr in breakdown power
The relative error in peak-power capacity, AP/P,
as a function of the relative error in pressure, A p/p, was
obtained by dividing equation (46) by equation (4h). The

resuit of this operation expressed as g percentage relative

error is:

’(>
ol

= 2 %g— X 100 percent (47)
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SECTION C
DETAIL FACTUAL DATA

S. INTRODUCTION

During the past decade much sclentific endeavor
was concentrated upon the production of radar systems to meet
specific demands. The consideration of the theoretical and
practical limitations of the system and its various compo-
ents was necessarily set aside bscause of the urgsncy of new
problems, Today, however, the effective design oi a new
system demands a greater knowledge of the factors which 1imit
the performance of the system, The range and resolution are
two important parameters describing system performance. Both
quantities can be increased by employing higher powers.
Since the power output of the system is often limited by the
power carrying capacity of the various components, it was
appropriate that an investigation of high-power breakdown of

waveguide components be conducted.

The first experimental investigation of microwave

(85)

breakdown was performsd at the Radiation Laboratory at
M.I.T. and was reported in 1945. Pulsed power was used, and
the purpose ¢of the tests was to determine the variation of

breakdown power with such parameters as pressure, gap width,
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repetition rate, pulse width, and humidity. Radioactive
cobalt was employed to produce initial ionization in the
breakdown gap, which consisted of a waveguide section of
reduced height., This irradiation produced repeatable results
as compared to measurements made without irradiation., The
process, however, resulted in slgnificantly lower breakdown
powers, This difference, coupled with the fact that measure-
ments were made on sections of reduced height, casts con-
siderable doubt upon the results which extrapolate the data

to determine the breakdown power of the full wavegulde,

Another report (10)

from the Radiation Laboratory

of M.I.T. in 1946 presented the results of breakdown tests

on various waveguide components, The report represents a
compilation of individual tests by many different psrsons over
a perlod of a few years. Since it 1is unlikely that the various
experimenters used a consistent technique and since the data

differed 1n many cases, the results presented in this report

cannot be taken as conclusive,

For this reason more intensive investigations, both
theoretical sand experimcnial, were initiated by a number of
workers, Margenau's studies (70,71,72) are valuable for
discharges in the range of gas pressure above 100 mm of

mercury, Holstein's theory (L2} applles to discharge vessels
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which were large compared to the mean free path of the
electron, and Brown's work (38,39,40,67,68) was mainly in
the region of pressures between 1 and 100 mm of mercury., In

addition to these men, important theoretical work was per-

formed by MacDonald, (6,67,68) Biondi, (L) Hale, (35) Herlin,
(38,39,&0) end Hartman (72). While these theories were being

developed, more carefully controlled experiments were being
conducted, These tests, performed by Cooper, (15,89) Gili
and VonEngel, (31) Hale, (35) Herlire and Brown, (38,39)
MacDonald and Brown, (67,68) Pim, (83,84) and Prowse, (89)
served to verify many of the theoretical predictions. 1In
thls manner a consistent foundation was formed upon which a

thorough knowledge of microwave breakdown can be built,
é. THEORIES OF BREAKDOWN
6.1 Direct-Current Breakdown

All modern theories of bruakdown are based upon an

approach first formulated by Townsend in 1902. This theory,

which describes breakdown under the action of a d-c field, 1is

based upon the physical concept of the breakdown process that

a free electron is created at some point in the gap between
the anode and cathode. This can occur because of éosmic

radiation, external irradiation of the gap with ultraviolet

light or a radioactive material, or by photoelectric emission
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from the cathode. The electron then proceeds towards the
anode under the influence of the electric field. During the
course of its flight the electron will collide with a number
of neutral gas molecules, 1In gencereal these collisions are
elastic and have 1little effect upon the electron energy so
that the energy continues to increase to such a value that s
collision with a neutral gas mclecule produces a positive ion
and a new free electron. The two electrons then proceed to
repeat the procsss and soon an electron avalanche is formed.
The number of new electrsons (dn) created per unit time 1in a
distance (dx) in the field direction is proportional to n,
the number of electrons per unit time crossing a plane
parallel to the electrodes and a distance (x) from the
cathode, That is

dn = n dx
where 1s a proportionality factor called the first Townsend
cooefficlent, If n and dx are unity, then dn = , and it 1s
seen that represents the number of new electrons created by
a8 single electron in traveling a unit distance in the fileld

direction.

Townsend also recognized the necessity of intro-
duclng a second constant, , to explain the available exper-

imentel data. This constant is believed (60) to represent
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the number of secondary electrons'liberated from the cathode
per positive lon incident on the cathode, Integration of
equation (}48) yields Townsend!'s equation for the current, 3,

across a gep, d. Given an initial current, io

; la - 2)a
1 la-plet® ™ F

i o= (49)
L la - 3)a
a = (&
Now if ( )
a = gel® AN (50)

the current, 1, becomes infinite, Equation (50) is usually
simplified by employing the experimentally determined fact
that a is much greater than g, in which case squation (50)

reduces to

_E_ e ad
a

t
[

{H1)

Townsend interpreted this condition of infinite current as
representing the initiation of a spark, and the corresponding

voltage between electrodes was taken as the sparking po ‘ential.

Today, certain aspects of Townsend's analysis have
been abandoned, and others have bsen modified. Loeb (60) has
established the following three criteria for sparking: (a) a
conducting path must have formed completely bridging the gap,
(b) and efficient source of secondary emission must be pro-

vided at the cathode, and (c) under these conditions the
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conductivity produced must be sufficient to at least dis-
charge ths electrodes., On this basis, Loeb stated that
Townsend's single sparking criterion was not sufficient to
determine the sparking potential in many cases. In addition,

data obtained by White (106) (96)

and Roether showed that

the time required for a spark formation by the Townsend
mechanism was much greater than that experimentally observed.
This resulted in the development of the streamer theory of
sparking by Roether, 7®) Meek, (73) and Loen (64:78)  1nig
theory postulates that 1t 1s not necessary that any electron
cross the entire gap. To explain the observed short time
lags, the suggestion was advanced that breakdown occured due

to a succession of electron avalanches along & breakdown .

path, the distance of travel in each one being short.,

To comprehend the physical process, assume the
potential to be raised to a value above that nscessary to
allow a spark to pass, and consider an electron or negative
ion to appear near the center of the gap. This electron
will start an avalanche as 1t proceeds toward the anode,
leaving 1in 1its wake a cloud of slow-moving positive ions,
Most of the ions will be bunched in a fairly dense group two
or three lonizing paths long. The electrons will be moving
towards the anode in a spatially-larger cloud as a result of

diffusion. The rear of the electron cloud will be held back
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by the positive-ion space charge while ths advance regiocn

will be drawn towards the anode., The result is a wodge-shaped
positive-lon charge with the axis parallel to the electric
fleld. The charge causes a resultant field which differes
from the applied fleld; therefore, increased potential gra-
dlents are created in the reglon of positive space charge.

The increased gradient further accelerates the electrons, and
in the ensuing ionizing collisions many photons are created.
These are radiated inall directions and some will ionize in
the gas. Since the photons travel with the speed of 1light,
electrons are produced almost simultaneously in the gap. Most
of these electrons will be located near the sxls of the
original avalanche, and thus new avalanches are produced in
increasing number along the region of axial field distortion.
The leading electrons of sach avalanche will be drawn towards
the posltive space charge ot the next avalanche, and a con-
tinuous stream of electrons will be formed and breakdown is

accomplished,

The streamer tneory has been partially verified by
(96)

Roether's photographs of developed streamers in a Wilson
cloud chamber, as well as by the experiments of Haseltine(37).
However, there 1s no consistent set of data on sparking poten-

tials in mercury-free dry air with varying pressure and
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constant gap, and vice versa, over a sufficient range of
pressure and gap-length values to permit a test of the

theory.
6.2 Alternating-Current Breakdown

The lack of significant data on breakdown for
alternating current is much more acute than for direct cur-
rent, 3Slnce this is so, a number of theories exlst, some of
which are partially verified by the available data. 1In
eddition, because the frequency 1s variable, a greater number
of domains exist wherein the physical representations of
breakdown lead to different initial assumptions and hence to
different conclusions, For this reason, theories have been
developed which apply to such particular conditions of
breakdown as, (a) pressure is below 10 mm of mercury (b) gap
is long compared with wavelength (c) gap is short compared
with wavelength (d) applied frequency is comparable to the
colllsion frequency, and others., These theories are not
necessarily mutually exclusive. A consistent presentation of
alternating-current breakdown phenomena will be made through

a discussion of the more important theories.

Alternating-current breakdown may be considered as
representing the general breakdown condition, in which case

the previously described theories of direct-current breakdown
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are partlcular solutions of the general problem. The unique
aspect of direct-current breakdown is that the electrons and
irons created in the gap, all eventually reach one of the
electrodes due to the steady uni-directional force existing
in the gap. For alternating-current, on the other hand, it=
is possible that the movement of ions and electrons, even in
high fields, may be too limited for their removal to the
electrodes to constitute an important factor in breakdown.
Since the removal is dependent upon the relationship between
the applied frequency, the gap length, and the gas pressure,
the several transition regions must be discussed in terms of

these parameters,

At power frequencles the field strength is such
that toth the lons and electrons cen be removed from the gap
within a half-cycle of the applied power. For this reason
the breakdown 1s simillar to direct-current breakdown, and

each peak may be regarded as an individual test of breakdown,

This condition has been experimentally checked by Ekstrand(aa).
The tests showed that for gap lengths of less than 0,1 inch in
alr at atmospheric pressure, the spark-over potential was very

nearly the same at 700 kc as at 60 cps. In addition, Reukema

(93) found that for a gap of 2,5 c¢m the breakdown potential

was constant up to 20 kc¢ in air at atmospheric pressure,
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As the frequency 1s increased, a value 1s reached
at which zcme of the slow-moving positive ions cannot reach
the negative electrode and are forced to oscillate 1in the
gap. Actually, no one positive ion will permanently oscilllate
in the gap, because all ions wiil have a resultant drift
motion to either one or the other electrode (depending upon
the phase of the field when the electron was created). What
actually occurs is that the ions are moving more slowly since
they are being slternately accelerated and decelerated (and
usually reversed 1n direction during a part of the cycle.)
Thus, the 1ons take a longer time to cross the gap, This
fact, coupled with the fact that there are lons moving in
both dirsctions, gives the effect of having an 1on cloud
oscillating in the gap. These ions affect breakdown in twe
ways: first, they cause a non-uniformity of the field in the
gap, which in some regions therefore exceed the nominal value
as calculated from the geometry of the electrodes; and second,
they are avallable to stimulate additional production of
electrons 1n the gap; for example, by photo-ilonization as s
result of recombination processes. Thus, a lowering of
breakdown power is predicted in the range of frequencles
where the ions cannot be removed from the gep. Reukema found

for the gaps used that there was a progressive lowering of the
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sparking potential with increasing frequency from about 20 ke¢
to 60 ke, Ekstrand's data showed that increasing the gap
length lowered the breakdown power at 700 kc as compared with

that at 60 cps.

The experiments of Reukema and Ekstrand qualita-
tively substantiate the theory that the breakdown power 1is
lowered by the inability of positive ions to cross the gap
in one-half cycle of applied voltage., This theory is further
verified by an approximate quantitative analysis offered by
Prowse (87). A comparison of the ionic mobllity calculated
by Prowse to the breakdown data of Lassen (56) Indicates that
the calculated value is very nearly equal to the mobility
which willl just allow the ion to cross the gap in one-half
cycle, Lassen's data covers the frequency range from 743 kc
to 2.45 mc and gap widths from .05 to 0.5 cm in air at

atmospheric pressure so that a good check on the theory is

obtained,

Above the critical range of frequencies, where some
poslitive ilons cannot cross the gap, the breakdown potential 1is
constent until the next transition region is reached, (87) at
which value the electrons cannot all cross the gap, At this
frequency the number of electrons in the gap will incresase

and, since there 1s a statistical spread of electron velocities,
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the number of electrons of ionizing velocity is increased,
On this basis it is predicted that the breakdown potential
willl decrease when the electrons cannot cross the gap in

one-half cycle of applied frequency.

Experiments made by G1ll and Donaldson (30) clearly

~exhibit this effect., 1In these tescts the pressure was varied

for several values of frequency and a decrease in breakdown
power was noted where the calculated values of electron
velocity allowed a travel distance equal to the gap length in
one-half cycle. Since the calculated values also agreed with

previously known values, the check on theory was complete,

"mb=p

Additional verification was supplied by the experimental work
of C. and H, Gutton (34) and by Chenot (9).

Above the transition range where some electrons
cannot cross the gap, the btreakdown potential is again in-
dependent of frequency (87). For the range of pressure and
gap length found in practice this region includes the micro-
wave frequencies, because at these frequencies the amplitude
of electron movement in air Just breaking down is probavly of
the order of 1.5 x 10'3 cm (87) at atmospheric pressure. The
various theoretical analyses of microwave breakdown may be
differentiated according to the method of removing the ¥

electrons from the gap. There are available throe possible
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removal mechanisms: (a) diffusion to the walls of the vessel,
(b) recombination with positive ions, and (c) attachment to
captor molecules, The particular process of electron removal
which determines breakdown depends upon the parameters of fre-
quency, gap length, gas pressure, and the structural nature

of the gas.

Brown, MacDonald, and Herlin (6,38) have developed
a theory which applies when the following conditions exist:
(a) the gap length 1s small compared with the wavelength of
the applied oscillations, (b) the mean frese path of the
electron is not comparable with the dimensions of the vessel,
and (c) the oscillation amplitude of the electron 1s less
than the electrode separation. Condition (c) implies the
non-removal of electrons from the gap by the applied field,
and conditions (a) and (b) make diffusion the dominant re-
moval process. The breakdown criterion established is that
the removal of electrons by diffusion must be equal to the
release of electrons by collision., Herlin and Brown experi-
mentally verified the theory for parallel-plate electrodes(38)
containing air at pressures between 0,1 and 10 mm of mercury,
and for a coaxial cavity (39) containing air at pressures
between 1 and 100 mm of mercury, both at 3,000 me, In

addition, MacDonald and Brcwn (67) have shown excsellent
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experimental agreement with the theory for breakdown in a
cylindrical cavity containing helium at pressures between 1

and 100 mm of mercury at a frequency of 3,000 mc,

Holsteln (42) has proposed a theory for the energy
distribution of electrons under the following conditions:
(a) the electron energy 1is such that most electron-molecule
collisions are elastic; (b) the dimensions of discharge region
are large compared with the mean free path of the electron;
(c) the total number of electrons, ions, and excited molecules
is small compared with the number of normal molecules; and
(a) the frequency of the electric field is greater than some
minimum value determined by the pressure, type of gas, and
dimensions of discharge region. This theory states that the
energy dlstribution of electrons subject to a high-frequency
field is similar to that of electrons in a steady field equal
in magnitude to the r.m,s. value of the high-frequency field.

(101)

The same conclusion reached by Townsend, and Townsend

and G111, (102)

states that it is valid for monatomic gases
at a pressure of the order of 10 mm and for diatomic gases at
about 1,0 mm, both in a tube of lL-cm diameter. On this basis,
Holstein formulated a theory for high-frequency breakdown in a
non-attaching gas (hl)' A consideration of the restrictions

shows that diffusion is the dominant removal process so that

the breakdown criterion is the same as that of Herlin and Brown,
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the rate of ionization by collision is balanced by the loss
due to diffusion. This theory was expsrimentally checked by
Krasii, Alpert, and McCoubrey (54) for the breakdown of a
cavity contalning argon at pressures between 3 and 100 mm, a

gap length of 0.223 inch, and at a frequency of 3,000 mc,

Margenau and Hartman have written a series of papers
(72) wherein the electron distribution functions are calcu-
lated and a theory of high-frequency breakdcwn is proposed.
In this development, the assumptions are made that the pressurse
is low, the frequency of the applied field is of the order of
the colllsion frequency of the electrons, the gas has an
infinite volume, and negative ions are not formed. Under
these conditions, volume rscombination 1s the only electron
removal mechanism., The calculations show that &t a certain
field strength the density of electrons increases rapidly and
this value 1s taken as the breakdown potential. The theory
i1s applied to breakdown in helium and neon because only these
two, among the rare gases, justify the approximation of con-
stant mean free path. For pressures below 1.0 mm, and for an
applied field of Irequency at 3,000 mc, 1t was calculated that
neon would breask down at 5 volts per cm, and that heliwr would
break down at 13 volts per cm. Qualitative verification of
these values 1s suppllied by experiments performed at M.I.T.

which showed that for discharge in a vessel below a pressure

42 CONFIDENTIAL




¢4

¢

CONFIDENTIAL

of 1,0 mm, the critical field for neon was 9 volts per cm, and
for helium was 19 volts per cm, The vessel used in the ex-
periments was small and the condition of infinite volume was
not fulfilled, Therefore, the role of diffusion as an electron
removal mechanlism was not negligible since the effect of the
added removal of electrons 1s to increase the breakdown power
so that the observed difference is in the proper direction.,

The theory was quite well verified.

Hale (35) proposed a theory of high-frequency break-
down which is basically different from those already mentioned,
His theory assumes that the electron must reach ionizing
energy at the end of one mean free path for breakdown to
occur, The theoretical results obtained are in agreemsnt with
those of Margenau in the range where the applied frequency is
comparable with the collision frequency; however, in contrast
to Margenau, Hale did not restrict his analysis to this region,
Hale verified his theory by showing that good agreement was
obtained with experimental results of breakdown test using
argon and xenon at pressures between 20 and 49 microns, gap
separations of 5 and 10 cm, and frequencies between S and 50
me. Since these parameters are so related that the applied
frequency is between one and ten times the collision frequency,

it cannot be said that Hale's theory has been proven valid
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outside the region of applicabllity of Margenau's theory, and

therefore the apperent contradiction may not actually exist,

All of the aforementioned theorles apply to dis-
chiarges wherein the energy 1s applied in a continuous
fashion, 1In many microwave applications, however, pulsed
Power 1is employed because higher levels may be obtained in

this manner, Breakdown under pulsed conditions differs from
C-W breakdown because of the additional condltion that the

breakdown must occur within a given amount of time, since

the electrons will be accelerated only during the pulse
length, An analysis of Pulsed-power breakdown was made by
Labrum (55) using an approach Similar to that used by Tcwnsend
for the direct-current discharge. Labrum assumed an ex-
ponsential increase of lonlzation with time during the pulse,
He writes that if No electrons were present at the beginning
of the pulse, the number N, present at the end of time t,

could be written

e(G-—L)t (52)

N o= N

whire G = number of ion-pairs produced by one electron in
unit time

and L = fraction of electrons present which disappears in
unilt time
The requirement for breakdown i3 that at least N4

electrons be present 1n the gap, thus
N

4 *qa
= = = {(h3)
(G-L) » T log N,
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where T = pulse length,

ihe logarithmic form indicates that, provided Nd is
large, no great precision is needed in its specification., A
likely value for Nd is 1013(87). G 1s of the same nature as
Townsend's and can be expected to vary in the same manner
wlth the applied field, In a non-attaching gas, where
diffusion is the chief agent of electron removal, L 1s small
and it 1s assumed that no removal of electrons occurs during
the first few microseconds. Thus, for pulse durations less
than a few microseconds. Thus, for pulse durations less than
a few microseconds the breakdown potential is a function of

the pulse length, The breakdown potential is then governed
by the relation

N
1 Nq
G:_.l ot
T og v {Hh4)

The value of G is determined from the expression for the

average energy gained per mean free path given by Townsend

and G111, (102)

and by assuming that the electron gains this
energy in equal increments until it is capable of ionization,

Using this approach, the breakdown field, Xo, is given by(87)

1
We ,—vy=e
X2 2 73 --3~1og-351 (55)
o e \' T No )
m
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where V1 lonization potential of the gas
v

collision frequency

W

applied frequency.

Labrum has performed experiments on both air and
neon at 10,000 mc and has shown that the breakdown potential
decreases for an increase of either pulse duration or repe-
tition rate as predicted by theory, These tests were made at
pressures between 1 and 30 mm of mercury, pulse lengths of 1
and 2 microseconds, and repetition rates between 69 and 600
pulses per second. The data also provides qualitative
agreement with theory in *he respect that a minimum breakdown

potential was observed as the prossure was varied.

A Jdifferent approach to pulsed-power breakdown has
been adopted by Lathrop and Brown (57). The analysis pro-
posed that for breakdown to occur, the rate of electron pro-
duction must be greater than the rate of slectron diffusion.
Under thess conditions, the electron density first will
increase slowly (where free diffusion is the controlling
factor), and then more rapidly as a positive-ion space charge,
which 1nnibits the diffusion of electrons, is built up,

Since the electron density will increase rapidly one the
space charge has formed, the formation of an appreciable

space charge 1s taken as the criterion for breakdown. The
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electron density was assumed to increass exponentially with
time, in agreement with Labrum's assumption, and the co-
efficient was taken as the solution of the diffusion equation
involving the diffusion cvefficient for the gas, the diffusion
length, and the average lonization rate, On this basis the
breakdown potential was calculated for hydrogen in a cavity
of O.1-cm gap, at pressures between 2 and 32 mm of mercury,
and for pulse lengths between 1 and 60 microseconds, The
results agree very well with the data obtained for breakdown
under these conditions, The experimental results also showed
that the breakdown potential was almost independent of the
pulse length for values greater than 10 microseconds, which

confirms Labrum's assumption,

Lathrop's data also shows a minimum potential at a
pressure between S5 and 10 mm of mercury which 1s close to the
value of L mm of mercury observed by Labrum for brealzdown in
ailr, Lathrop also observed that breakdown during any pulse
was unaffected by the other pulses at repetition rates below
80 c¢ps, which is the region wherein the data was taken., At
higher repetition rates it is shown theoretically that the
slectrons cannot all diffuse in the time between pulses so
that this theory would have to be modified if higher repe-

tition rates were to be considered,
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Pulsed-power breakdown tests were also made by

(85,86) (10) (89)

Posin, Copper,(lS) Clarke, and Prowse « Posin
measured breakdown of air at 3,000 mc, 10,000 inc, and 24,000
mc., He found that the breakdown potential was unchanged as
the pulse length was increased beyond five microseconds, and
that an increase of repetition rate from 200 to 500 pulses
per second lowered the breakdown voltage by 15 percent.
Posin also found that the breakdown voltage was not propor-
tional to the pressure, and he showed theoretically that at

low pressure V = f(p1/3), at intermediate pressures

V = f(p2/3), ~and at high pressures V = f(p).

Cooper's measurements were made on air at 3,000 mc
and 10,000 mc using l-microsecond pulses applied 00 times
per second., These results show that the breakdown voltage
is a linear function of pressure times gap length for gap
length of 0.14) and 0,32 cm, and over the pressure range of
20 to 760 mm of mercury, Clarke's paper present the results
of breakdown measurements made on a number of waveguide

components,

Prowse found that the breakdown voltage for air at
9800 mc is the same for one pulse as for pulses repeated L,00
times a second, for a pulse length of 1 microsecond., He also

noticed during the 400O-cps test that the discharges occured
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in bursts because a discharge in one pulse often precipitated

a discharge in the following pulse.

6.3 Experlimental Data

a. Criterion of Breakdown

To begin with, it is important to have a standard

definition or criterion of breakdown., Loeb defined(eo) a

d-c spark as "an unstable and discontinuous occurrence mark-

| ing the transition from one more or less stable condition of

current between electrodes in a gas to another one," He

; further states that the transition process may start but
fall short of achievement because of circuit conditions, in

e which case only the spark appears, Both this condition and
the one wherein glow rollows the spark have been experi-
mentally observed in microwave breakdown, ancd these effects
have been used by expsrimenters as indications of breakdown.
The interpretation of the information is by no means stand-
ardized. Many workers either do not define breakdown or

merely state that a "spark passed." One group(lc)

1s more
| meticulous, however, and considers breakdown to have occurred
when the sparks pass more often than once every two minutes.

f Several experimenters(ls’ag’llo)

extend thls 1dea to the
point of plotting a curve of sparking probability to determine

breakdown. The results of these latter tests indicate that
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single sparks can pass at scignificantly different potentials;
this 1s substantiated by the contradictory results of many

of the experimenters,

In addition to this lack of agreement concerning a
criterion of breakdown, the effect that irradiation has on
the breakdown gap 1s also disputed., The use of such irra-
dlators as ultraviolet light, radioactive matevrial, and an
auxiliary spark gap have variously been reported as either
lowering the breakdown potential or as having no effect,
Part of this disagreement is obviously caused by the lack of
a standard definition of breakdown, while the rest is due to

. experimental varlations resulting from the experimental
{, apparatus, procedure, and technique. Consequently, in order
to appralse the existing experimental information properly,
it i1s first necessary to define breakdown and then to invest-

igate the methods of experimentally determining this quantity.

As previously stated, the accepted concept of high-
power breakdown 1is based upon the bridging of the gap by an
electron avalanche Initiated by a single electron. The
varlous theories do not consider either the manner in which
this electron 1s llberated or the time required for liberation,
The only stipulation made for breakdown is that tte electron

appear at such a position in the gap and at such a phase of
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the r-f cycle that i1t will be accelerated to form an ava-
lanche, Actually, when the electron appears, it wiil have
some initlal velocity so that this factor, together with its
position and relative phase, determines the minimum potential
required for breakdown. Since these factors are all sta-
tistical in nature, no absolute minimum can exist, Although,
theoretically speaking, a breakdown potential can always be
found which 1s lower than any previous breakdown potential,
in practice 1t 1s usually unnecessary to wait too long be-
cause the high frequency creates many opportunities for
breakdown, and because the relative insensitivity of the
measurement apparatus makes 1t impossible to differentiate
between many of the breakdown potentials., The actual time
required for any measurement 1s best determined by a direct

test,

Since the initial velocity, position, and relative
phase of the eclectron are all statisticail quantities, 1t 1s
natural to adopt an approach to breakdown based upon a prob-
ability concept, This approach was used successfully by
w1lson(llo) in 1936 to determine d-c breakdown, and later by
(15) (89)

Cooper as well as Prowse and Cooper, to determine
microwave breakdown potentials. This procedure involved
counting the number of sparks, dividing this value by the

number of applied pulses to obtain the sparking probability,
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and then plotting a curve of sparking probability versus
potential., This method was also recommended by Loeb(60’62‘63)
who at one point(éo) states that the actual value of prob-
ability to be used as the criterlon of breakdown is arbitrary,
and at another point(éz) suggests that the value of maximum
slope be used. The sparking potential choscn by Wilson is the
value at which the sparking probability is one-half, while
Prowse and Cooper use the value where the probability is
virtually zero., Actually, none of these criteria can be used
as basically superior to the others since the procedure to be
used for any particular test must be determined from a con-
sideration of the purpose of the test., In some cases it may
be impcssible to allow even one spark to pass, while in other
applications the accompanying lncrease in power may justify
the allowance of occasional sparks., In any event, the plott-
ing of a curve of sparking probability will lead to the most
complete and most effective presentation of the experimental

data.

It is obvious that the waiting period can be re-
duced and the precision of measurement can be increased, 1if
more electrons are created in the gap. This may be accom-
plished by irradiating the gap with ultra-violet light or by
employing either a radioactive substance or an auxiliary

spark. In this manner, a tremendous 1lncrease in the number
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of available eloctrons can be achieved. One source* estimates
that the irradiation of the gap with 3.2 millicuries of radio-
active cobalt produced lO7 jon pairs per second per cubic

centimeter, whereas the natural processes of cosmic radiation
and normal radioactivity would produce only two palirs per

minute per cubic centimeter. In addition, another source(36)
states that the photo-emission from a surface is proportional

to the illumination, and that the value can be increased by

pruperly finishing the surface,

Theoretically, the use of external irradiation
should lower the breakdown power because, in addition to
allowing a greater number of breakdown trials to be observed,
the irradiation causes higher electron velocities which result
in a lowering of breakdown potential. The detection of this
effect is primarily dependent upon the amount of irradiation
employed. In many actual cases the effect may be undetectable
with the instruments used. Thus, for a particular set of test
conditions and a given radiation 1ntensity, experimental con-
sideration must be given to whether or not the use of external
irradiation lowers the breakdown power. For example, experi-
ments were performed during this program on the effect of a

1 millicurie cobalt'®9)

source on the breakdown power, It was
found that there was no detectable effect within the measure-

ment accuracy.

+3ee ref. 67, page 227,
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b. Presentation of Existing Data

Although a number of experiments have been conducted
on high-power breakdown, those involving pulsed microwave power
have been relatively few., These, however, are of the greatest

interest to this investigation and will be reviewed first.

One of the more significant works on pulsed micro-

(15,

wave breakdown was performed by Cooper Tests were con-
ducted in coaxial line at 2800 mc and in wavegulde at 9800 mc,
In each case the power was applled in l-microsecond pulses

00 times per second, and breakdown was caused to occur in a
section of reduced gap length., The experimental technique
involved observing the number of sparks occuring during a
10-minute interval for several different power levels, and the
plotting of a sparking probability curve. This was performed
both for the conditlon of no external irradiation and for
external irradiation with 0.2 milligrams of radium. As pre-
dicted, the effect of the irradiatlon upon the minimum

observable sparking potentlal was not detectable, although

the irradiation greatly increased the sparking probability.

Tests made with different values of standing wave
ratios indicated that with other conditions unchanged (maximum
gradlient constant) an increase of standing wave ratio caused a

decrease in sparking probability. 1In all of the tests, the
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peak power was de termined from measurements of the avorage
power, the pulse repetition frequency, and the pulse width.
The sparks were detected by visual observation through a hole
placed in a bend of the transmission line, and the standing
wave ratio was measured using a specially constructed slotted
line. The data showed that the electric-field strength re-
quired for breakdown at zero probability (onset stress) was
about 28 kv per cm at atmospheric pressure. Additional tests
in both waveguide and coaxial line showed that for a single gap
length and pressures between 50 mm of mercury aud atmospheric,
the onset stress was a linear function of the pressure. The
use of several different waveguide gaps also showed that thre
onset stress was a linear function of the product of pressure
end gap length, and that these points are co-1linear with those
for a single gap length with varying pressure, wi‘hin experi-
mental error. Cooper estimated the probable error in the

onset electric field to be +5 percent.

Prowse and Cooper(sg) made further tests on a cavity
resonator at 9800 mc, with the pulse width again 1 microsecond
and the repetition frequency LOO times per second. The spark
gap in thses tests was irradiated with ultraviolet light from
an auxiliary spark gap applied immediately before the r-f pulse,
The irradiation increased the sparking probability but did not
change the onset stress, As an added point of interest, men-

tion is made of the fact that the discharges occurred in bursts.
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Lathrop and Brown(57) performed breakdown experi-
ments at 2800 mc on & cavity containing hydrogen. The pulse
width was varied between 1 and 50 microseconds for pressures
between 2 and 32 rm of mercury. A radioactive source sup-
plied initial ionization and breakdown was chserved as a
decrease in transmitted power., The r:sults showed that the
breakdown field was relatively constant for pulse widths
greater than about 7 microseconds, while for pulce widths be-
low this value the breakdown field rose sharply so that it
was about 20 percent higher at 1 microsecond. No mention 1s
made of the repetition rate used, except for the statement
that it was observed for repetition rates below 80 cps and
that there was no effect between successive pulsss. The
pulse width was measured on an A/R scope equipped with a
crystal-controlled calilbration circuit: the estimated error
was *0.5 microsecond. The power was measured with a direc-
tional coupler and thermistor tridge, and the estimated errcr

was 210 percent,

Breakdown experiments involving variations of the
pulse width, repetition rates, pressure, and gap length on a
section of reduced height waveguide at 3000, 10,000, and

(86)

2l;,000 mc are reported by Posin A capsule containing

radioactive cobalt of 3.2 millicuries intensity was placed on

the outside of the waveguide above the breakdown gap to
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achieve repeatable results, and the breakdown power was taken
as thet¢ valus at which a spark Zirst pacsed., The results

show that irradiation lowered the brsakdown power 1in every
instance, the decrease in many cases being 50 percent, An
increase in gap length from .006 inch to .059 inch also
lowered the breakdown field strength., Tests with the pressure
varying between 20 and 760 mm of mercury showed that without
irradiation, the variation of breakdown power was linear,
while with irradiation, the variation was parabolic. Addi-
tional data showed that at atmcspheric pressure and at repe-
tition rates between O and 2000 pps, the breakdown power
increased as the pulse width was made shorter than about L 5
microseconds, The effect became more marked as the reretition
rate was lowered. An increase of repetition rate from 300 to
2000 pps was found to lower the breakdown power in a fairly
uniform manner. In these tests, the spark was usually deter-
mined either by sound or by visual observation through a
terminating horn, The power was measured using a directional
coupler and thermistor bridge calibrated against a water load,
The repetition rate was determined by comparing the trigger
voltage with a calibrated audlio oscillator. The pulse width
was found by displaying the current pulse on a synchroscope.

The accuracy of the results is not estimated.
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Much of the material presented by Posin was ob-
tained from work performed at M.I.TQ(SS). In addition to the
information already given, this work involved tests with
humidity and surface roughness. A series of tests falled to
show any significant difference of breakdown power be tween
alr at 10 percent relative humidity and air at 80 percent
relative humidity, WTests with brass filings between .002 inch
and .005 inch diameter, in ,0LO-inch-high wavegulde, however,
showed that the presence of the filings caused a reduction in
breakdown power of 65 percent, Upon the removal of the
filings, the breakdown power returned to its original value.
In the report the experimental error 1is estimated to be be-
tween -6,5 percent and +10.8 percent in the worst case and

between -3.3 percent and +3.6 percent in the best casse,

Some excellent work on the breakdown of a parallel-
plane gap under the application of c-w power has been per-
formed by Pim(83’8u). Tests were conducted in the frequency
range from 100 to 300 mc, with the gap length varied be tween
.05 mm and 1.0 mm and the pressure varied between 25 and
1000 mm of mercury. The results show that there was a critical
gap width which is dependent primarily on the frequency of the
applied electric field, and that a sudden decrease to a con-
stant value in the electric stress produced breakdown, Thils

constant for atmospheric pressure is 29kv per cm, The critical
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gap width will also decrease slightly with a decrease 1n
pressure, External irradiation in the form of mesothorium

was applied and repeatability of 1/l percent was obtained.
Breakdown was dasteriiined by visual observation through a hole
cut in the test pisce. The voltage was measured with a dielec-
tric voltmeter employing a distrene vane calibrated at 50 cps,
1The estimated accuracy of the observed voltages is #3,0

percent,

Experiments on the c-w breakdown of a cavity con-
taining helium at pressures between 1 and 200 mm of mercury,
using a frequency of 3000 mcand the gap length varied between
0.15 and 2.5 cm, were perfcrmed by MacDonald and Brown(67).
The results show that a minimum exists in the breakdown voltage
vs pressure curve, and that this minimum occurs at lower
pressures for ths longer gaps. In addition, increased gap
length for this range of pressure and gap length, decreased
the breakdown field strength, Z2Breakdown in these tests was
observed as a drop in transmitted power meesured with a
directional coupler and thermistor bridge. The standing wavs
ratio was measured with a conventional slotted section. The
measurements were reproducible within an experimental error
of 5 percent in electric field and less than 1 percent 1n
pressure., Similar results obtained by Herlin and Brown(38)

were compared to show that for air, the breakdown power 1is

59 CONFIDENTIAL




CONFIDENTIAL

almost 10 times as great as that for helium, and the minimum
voltage occurs at a lower pressure, Another series of tests

(68)

by MacDonald and Brown on hydrogen showed that this gas
behaves in a similar fashion and the quantitative results

were found to be about midway between those of helium and alr,
c. Appraisal of Existing Data

A procedure usually adopted to appraise data 1s as
follows: (1) data is examined to determine its self-con-
sistency (2) it is ascertained whether or not the data is in
agreement with existing theory, and (3) the data is compared
with previously obtained experimental results. A confirmation
on all three points indicated that the data was reliable. If
any discrepancy arose it was necessary to critically examine
the process by which the data was obtained., This involved an
investigation of the approach to the problem, the apparatus

employed, and the technique used.

The data on high~power microwave breakdown is
meager and there i1s some disagreement between the results of
several experimenters. As an example, the work at M.I.T.(85)
indicates that the use of external irradiation greatly lowers
the breakdown power, the reduction factor being as large as

(15)

3 in some cases, whiie Cooper presents data which indicates

that irradiastion has no effect on breakdown, Since both of
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these experiments refer to pulsed power breakdown of a re-
duced height section of waveguide at 9800 me¢, there appoars
to exist a direct contradic*tion. First, an examination of
the data for the two sets of tests show that in Cooper's
experiments the data 1s uniform for the ccnditions of
irradiation and no irradiation, whereas the M.I.T, data 1s
markedly erratic without irradiation. Next, a comparison of
the two results with theory yilelds nothing conclusive, One
might expect irradiation to lower the breakdown power some-
what, although no gquantitative theoretical results are avall-
able. Since there is 1ittle additional data on the effect of
irradiation on pulsed breakdown on waveguides, a more probing
form of comparison 1s required. The approach to the problem

adopted by Cooper 1s preferred.

Cooper used a statistical approach and plotted a
probability of sparking curve, whereas the group at M.I.T.
considered breakdown to have occurred when the first spark
passed, Considering the discussion of the paragraph 6.2a
breakdown criteria, 1t !s not surprising that the M.I.T. data
for 1l successive runs with no irradiation showed that the
lowest breakdown value was about 65 percent of the highest,
As a matter of fact, the problem and the solution herein
proposed were recognized, as shown by a statement of the

effect that averaging sufficient data would probably yleld
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reliable results. It was decided, apparently, that the time
required for this procedure was unwarranted and that suffi-
cient information could be obtained with the use of external
irradiation which, as mentioned before, 1s a time-~-saving

device,

It must be mentioned at this point that although
the irradiation improved the repeatability and shortened the
time of this experiment, some inconsistency still remained.
This is shown by the results of the humidity test wherein
the breakdown power differed by as much as 25 percent for the
same conditions. This too is in agreement with the proposed
breakdown mechanism since the use of irradiation 1s an aid to,

but not a substitution for, the statistical approach.

An examination of Cooper'!s data shows that the use
of irradiation increased the breakdown probabillty, as ex-
pected, A closer scrutiny of the curves, however, shows that,
al though Cooper claims that the irradiation has no effect upon
the onset stress, he does not prove 1t conclusively, 3Since
the onset stress is the zero probability intercept, it must
be obtained by an extrapolation of the data and is thus sub-
ject to some error. This error may be large inasmuch as the
curve represents the integral of a Gaussian type of distri-
bution, and thus 1s S-shaped. Thus, the intercept is not

clearly defined, For the tests with irradiation, the slope
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of the curve is reasonably great so that the extrapolation
error is small, For the tests with no irradiation, however,
the initial slope is quite small and it is difficult to
determine the intercept precisely. Since the curves 1n the
report are drawn to indicate that the intercept 1s the same
for the two cases, Cooper claims that the irradiation has no
effect, Actually, a more cautious statement would be that
within experimental error. the irradlation appears to have
1ittle or no effect upon the breakdown ctress. This brings

up the points of experimental apparatus and techniques.

Cooper mentions an experimental technique whereby
he cleaned the electrodes with metal polish applied with
chamols ieather, and then washed them with ethyl alcohol, He
also states that the air in the spark gap was pumped out and

replaced with fresh air between each setting of power level.

The M.I.T, group makes 10 mention of these aspects
of technique, but does discuss in detall several me thods of

spark detection.

Breakdown was usually detected by the sound of the
spark and occasionally by 1its 1light, as seen through a
terminating horrn. The discharge for breakdown under low
pressure made 1little sound so that a stethoscope or contact

microphone was used, An alternate method was to detect the

63 CONFIDENTIAL




o

CONTIDENTIAL

reflections from the spark by means of a directional coupler,
The detection was accomplished with a crystal whose output
was amplified and then viewed on an oscilloscope, Occasion-
ally, the occurrence of breakdown was cetected by the in-
crease in standing wave ratio in the line between the source
and the spark, Cooper detected the sparks visually through
an observation hole in an elbow near the spark gap. The
power at breakdown was determined in a similar manner in bcocth
experiments, The average power was first determined and then
the peak power was found from a kncwledge of the pulse width

and repetition frequency.

Both tests employed a water calorimeter to de termine
the average power. In the M.,I.T. tests, a directional coupler
and thermistor mount were used in the actual tests after first
being calibrated against the calorimeter. Cooper determined
his pulse repetition rate by measuring the speed of the motor-
generator set which drove the modulator, while the M.I.T.
group determined the repetition rate by comparing it with a
calibrated audio signal on an oscilloscope., Both experi-
menters assumed the r-f pulse shape to be the same as the
magne tron current pulse which was viewed on an oscilioscope,
Cooper took the pulse width as the area divided by the height,
ihe M,I.T. group defined the pulse width as the distance from

the center of the rise to the center of the decay. On the
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question of the accuracy of measurements, the M.I.T. group
estimated an error of *1.5 percent in power, while Cooper
estimated a corresponding error of +3 percent., M.I.T.
further estimated an error of between 2 and 6 percent on
pulse width and 0.5 percent on repetition rate, whereas
Cooper estimated errors of 2 and 1 percent, M,I.T. lists
other errors such a8 standing-wave effect, wavegulde losses
and gap height; and estimated an overall error of between
-3.3 percent and +10.8 percent in power. Cooper considered
a possible error of *2 percent in locating the intercept and

estimated an overall error of +5 percent in voltage.
6.4 Regions of Validity of Theories

Considering all factors, it would seem that each
set of tests accomplished its prime purpose, Cooper showed
that external irradiation does not affect the breskdown
power; he also presents quantitative data on breakdown fcr
various conditions of gap height and pressure, The M,I,T.
experiments show the qualitative variation of breakdown with
the parameters of pressure, gap height, pulse width, repeti.
tion rate, humidity, and surface roughness, Quantitatively,
the data is fairly accurate, since the use of irradiation
greatly reduced the inherent error caused by the lack of use

cof the statistical approach, It is apparent, however, that
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errors still exist in the M.I.T. data as shown by the humidity
data previously cited, and by repoated tests with different
repetition retes, the results of which vary by as much as

25 percent,

The data gathered by Lathrop and Brown(57) is self-

consistent and shows good agreement with theory, although
breakdown wTs taken as that value at which a spark first
passed. There are several possible reasons for the agreement
tetween theer and test, First, the pressures involved, 2 to
32 mm of mercury, are at the lower 1imit of the pressures used
in the tests at M.I.T. A close examination of this latter
data shows that the irradiation had little effect below about
30 mm, which indicates that the sparking probabllity curve
rose sharply. This means that for slight over-voltages, the
sparking probabllity was high enough so that the inherent
error in the me thod of measurement was greatly reduced,
Another reason for the apparent self-consistency and theo-
retical verification is that the pulse width was varied over
the range from 0,5 to 50 microseconds, Thus, these tests
involved pulse widths which were longer than those used in

the M.I.T, tests, which were mostly below C.5 microsecond.
Since a longer pulse width affords more opportunity for
sparking, it is raasonable to expect the inherent error to

be reduced. As a matter of fact, the data of Lathrop and
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Brown show their greatest divergence from theory and thelir
least consistency at the smallest pulse widths, which sub-
stantiates this conclusion. Another factor which enhanced
the reliability of the data is the use of external

irradiation.

The apparatus and technique used by Lathrop and
Brown were similar to those used by Cooper and the M.I.T.
group, witk one exception, The average powar was measured
using a directional coupler and thermistor bridge which was
accurate to about 10 percent., The pulse widths were measured
on an oscilloscope to an accuracy of +0.5 microsecond, and
the pressure was measured with a mercury manometer to an

accuracy of t1 mm of mercury.

Tre good agreenient between the experimental resultls
of Lathrop and Brown and the proposed theory 1s a verifica-
ticn of the idea that microwave breakdown occurs when the
precduction of electrons by ionlzatioen 1s talanced by their
loss through diffusion. This conclusion is of irmediate in-
terest to theorists and physicists. From an engineering
point of visw, however, the experiments are at present of
1imited usefulness, since the pulse widths and pressures in-

volved are outside thc range of normal applications.
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Pim's(BL) data shows excellent self-consistency and
is in good agreemcnt with the theory proposed. As in the
experimsnts of Lathrcp and Brown, Pim éid not adopt a
statistical approach to breakdown, but rather, took that
value at which a spark first passed as the breakdown power,
1he explanation for the good resuits obtained is simple in
this case, lnasmuch as c-w mlcrowave power was used. FPim
states that the voltage was slowly increased, which means
that for the frequencies employed, 100 to 300 mc, a great
number of opportunities to breakdown were present at each
power level, Thus, the inherent error in the measurement
system was greatly reduced. In addition, external irradia-
tion was employed which also tended to decrease the error.
A4s & confirmation of the belief that irradlation had little
effect on breakdown power, Pim reports that without irradia-
tion, breakdown always occurred at the same level as 1t did

with irradiation, if sufficient time was allowed,

The eguipment used by Pim represents an extension
of low-frequency circuitry. The voltage was measured with a
voltmeter which utilized a distrene dielectric vane. Since
the dieleztric constant of distrene does not change over the
range from power frequencies to 100C mc, it was possible to
calibrate the voltmeter at 50 cps with the estimated accuracy

of the voltage readings being i3 percent,
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‘he use of c-w power at relatively low microwave
frequer.cles, and the low~-frequency circuitry, all combine to
significantly reduce the value of Pim's results to an en-
ginesr interested in the peak-power-handling capacity of

waveguide components,

The data of MacDonald and Brown(67’68) and that of
Herlin and Brown(aa) substantiate their proposed theory and
are consistent., Although these experimenters did not use the
statistical approach to breakdown, they were successful be-
cause they used c-w power and low pressures. The results of

these experiments are of limited use to engineers.

7. EXPERIMENTAL APPROACE

7.1 Breakdown 7Test Circult

ire statistical approach to microwave breakdown
was presented as the criterion for breakdown, and was sub-
stantiated by the existing data. Accordingly, this approach

was adopted for the experiments conducted on this contract.

A diagram of the microwave circuit and auxiliary
equipment is shown in figure 4. Stripped tc 1ts essentials,
this circuit shows that pulsed power from a modulated magne tron
was applied to the test unit, Breakdown was observed with a

photocell, and recorded on an electronic counter, The average
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power was measured with a directional coupler and thermistor
bridge which was calibrated against a calorimetric load, while
the pulsse width wes determined by viewing the r-f pulse on a
synchroscope. Provision was also made for the measurement of

frequency, standing wave ratio, and pressure.

A cioser examination of the circult shows that
many auxiliary components werse included, Starting at the
input end, an audlo signal generator was necessary as & coOm=-
parison standard to determine the pulse repetition rate,
Initially, a Raytheon type QK 221 magnetron was chosen as the
high-power source. This tube combined the advantages of high-
power output, dependable performance, and long life., Later
in the program, the Litton LJ 50 magnetron was used when it
was found to provide comparable performance at less cost. A
one-megawatt power supply and pulse modulator unit drove the
magne tron., After the magnetron, a wavegulde twist 1s shown.
This was included because the magne tron had a waveguide out-
put whose broad side was vertical. Since several crossed-
guide directional couplers were to be used, and also for
reasons of mechanical stability, it was more convenient to
operate the system with the broad side horizontal; thus
necessitating a twist, Since the magnetron output had a

waveguide outside diameter of 1.250 inches x 0,625 inch, an

adapter had to be used to reduce the wavegulde dimensions to
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to 1.00C-inch x 0.500-inch outside alemeter as specified by

the contract,

Following the adapter in the microwave circult was

(2h)

a Iransvar* coupler This is a new type of directional
coupler which may be varied to transfer any desired amount

of the incident power between 0 and 100 percent, An inherent
feature of the Transvar coupler eliminates or suppresses

even harmonic frequencies. In the present application the
coupler was employed to transfer sensibly all the fundamental
power while suppressing the harmonics generated by the mag-
netron. 7Ihis was important for two reasons; (a) the presence
>f harmonics could reduce the breakdown power either by
creating increased potential gradients or because the break-
down strength may decrease with frequency; and (b) the har-
moric content of the electromagnetic wave may lead to spurious
power readings. This was probable because the coupling of
the directional coupler was dif ferent for the fundamental

and the harmonics in which case the power in the secondary
1ine was not a true indication of the power in the main line.
In addition, the impedance of the thermistor mount was
different at the harmonic frequency from that at the funda-
mental, so that some power was reflected,; introducing an

error. Assocliated with the Transvar coupler 1s a dummy ioad
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to absorb that portion of the jncident power which was not

coupled into the secondary line, and a short to terminate

the non-directive arm of the secondary line. The short was used

mainly for convenlence and was permissable jnasmuch as the
coupler was not used as a calibrated device. The directive
arm of the Transvar coupler w&s connected to a wavegulde
power-dlvider network consisting of two hybrids and a phase
shif ter. Thils eliminated distortion of the pulse shape that
might occur 1if electronic methods for varying the power were
used. The simplest means cf varying the power output 1s to
vary the supply voltage since that quantity can be varled
continuocusly while the magne tron 1s in oscillation, However,
rather than attempt to show that this means of varying the
power output does not distort the r-f spectrum, the pulse
shape was eliminated as a variable by always running the
magnetron near full output and varying the power with the
waveguide power divider. A ferrite load isolator was in-
serted after the power divider for the building block tests
in order to isolate thne magne tron from the mismatch produced

py the test plece.

A crossed-guide directional coupler which supplied
power to a frequency me ter was used next. Since this portion
of the circult was pressurized to insure breakdown in the

region of the test unit, it was necessary to Insert a
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pressure window be tween the coupler and the frequency me ter,
The non~directive arm of the coupler was terminated with a
low-power termination. The first crossed-guide coupler was
followed by a second crossed-guide coupler which supplied
power to the thermistor mount. As in the case of the first
coupler, a pressure window and a low-power termination were

again employed.

Following this coupler, there was a directional
coupler that supplied power to an impedance meter and a
sliding short. The impedance meter arm measured the incident
power and the short received the reflected power existing in
the test unit, The reflected power, incldent upon the short,
was in turn reflected towards the impedance meter, By mov-
ing the short, the phase of the reflected wave was varied
relative to the incident wave, and the voltage at the probe
of the impedance meter, which was maintained at some fixed
position then foilowed the standing wave pattern. It should
be noted that the impedance me ter was employed in this appli-
cation for convenience and because it introduced a very small
mismatch, The impedance meter was followed by a low-power
termination, DBoth arms of the coupler were equipped with
pressure windows. Following the directional coupler in the
main line, was the viewing bend, photocell and counter com-

bination for detecting and recording breakdown. In order to
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count the sparks, a hole was made in an H-plane bend with
the center of the hole along the waveguide axis. A circular
attenuating tube was soldered over the hole to prevent r-f
leakage. An RCA type 1F37 photocell was pleced against the
attenuating tube and the output was fed to an electronic
counter which recorded the spark. Immediately following the
viewing bend, was the test plece, which was 1solated from
the rest of the line by two pressure windows. 7The microwave

system was then terminated in a high-power dummy load.

The other equipment shown on the diagram, are the
pressure gauges which measured the pressure in the test
section and in the sections before and after, High-vacuum
equipment that continuously varied the test-region pressure
from atmospheric to as low as 2 mm of mercury was used.
Controls were provided to maintain the pressure constant at
any glven value, Pressures above atmospherlc were obtained
by using the plant airline which provided a gauge pressure
of 60 pounds per square inch., Pressures between this maximum
value and atmospheric was obtained by employing an auxiliary
tank which was maintained at the desired pressure by the
airiine, A Oneé millicurie cobalt 60 radioactive source was
placed on the broad wall of the test plece near the point of
maximum E-fleld gradient, Figure 6 and 7 show photographs

of the experimental layocut., Flgure 6 shows an overall view
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of the test circuit and most of the auxlliary equipment,
Many of the pieces of equipment previously mentioned can be

tscerned. Figure 7 shows a close-up of the region around

the test section.

7.2 Design Consideratlons and Performance of Test Circuilt
Comporents
a. Pressure Window

The pressure window consisted of a thin disk of
mica (approximately .005-inch thick) placed in a recess 1n a
standard 2-inch x l-inch outside diameter wavegulde choke
flange and supported by a rubber gasket. Because the mlca
disk was placed in a sectlon of waveguide of incressed helght,
resulting in a lower electric-field gradlent, 1t was able to
withstand the maximum power capacity of 1l-inch x 1/2-inch
waveguide withont breakdown. The mica section was then
joined to the regular wavegulde by means of a low-reflection
tuper. 7The 1lnput VSWR to the combination of two tapered
windows separated by a i-inch X 1/2-inch straight section
was measured to be 1.08. Pressure-test results revealed that
the windows would successfully withstand a pressure differ-
ential of LO pounds. Both the step-up and step-down tapers
were greater than one and one-half wavelengths, which resulted

in an overall window length of 6 inches.
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b. Phase Shifters

The phase shifter used in conjunction with the
hybrids divided *the power from the magnetron (which was
operated near meximun output as previously discussed) be-
tween the test plece and an auxiliary dummy locad. To obtain
a continuous power split from 0 to 100 percent, a total of
G0-cegrees phase shift was required, The squeeze-section
type of phase shif ter was chosen as the most satisfactory
for this investigation, It could hanule high power, was
easily pressurized, and presented a reasonably good match,
The main disadvantage of this phase shifter was the appre-
ciable length reguired to obtain the required phase shift,

This, however, could be tolersasted 1in the present case.

accordingly, a squeeze-sectlon phase shif ter was
designed with a slot 6-wavelengths long and a total wave-
gnide-width variation of ,078 inch, Tests showed that a
good match wes obtained. The highest VSWR being 1.06 as the
wavegulde was squeezed the maximum amount, The phase-shift
measurements showed a maximum variation of 70 degrees, which

was sufficient although not op timum,
¢c. Thermistor Mount

In the present serles of experiments the peak power

was determined from a knowledge of the average power, the
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pulse duration, and the repetition rate, The value for the

averaga power was obtained using a thermistor mount and bridge

to measure a sample of the incident microwave power provided

]
- by a directional coupler located in the main line. The bridge

' readings were calibrated against a water calorimeter, The

basic requirement of the thermistor mount, therefore, was that

l
it provide an indication of the powsr incident upon it. The

nount design chosen was a 0-0 double.-coaxial-stub type,

similar to a design tested by the National Bureau of Standards

and found to be at least 66 percent efficient. The only

modification made was to optimize the mount performance at

the magne tron frequency used in this investigation. Tests

. indicated that the thermistor mount absorbed more than o9

rcent of the power incident upon 1t, and thus measured the

pe

power to good accuracy.

d. Tchebyscheff Ccupler

As mention in paragraph 7.1, a directlonal coupler

was used to couple power into an auxiliary wavegulde to

p
:
‘ measure the primary line V3WR., It was extremely important

that the directivity of this coupler be high because low

directivity would introduce an error in the measvred VSWR,

and such an error would be magnified in the computation of

the breakdown power. It also was desirable that the coupler
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be billaterally symmetrical so that the inclident and reflected
waves in the primary line would be coupled with equal atten~
uatlor intc the secondary line. Fortunately this condition
was easily fulfillled by careful construction of the instru-
ment, and, in fact, this was the main reascn for the choice
of an arrangement using one coupler with a sliding short

instead of two separate couplers.

A directional coupler employing multiple-hole ele-
ments could be designed for high directivity if the sizes and
spacing of the apertures are properly chosen. It can be
shown that the optimum response 1is obtained by spacing the
hcles a quarter-wavelength apart and varying the coupling
according to the coefficlents of the lchebyscheff polynomial.
In accordance with this approach, a coupler employing seven
holes ir. the common narrow wall bestween the two waveguldes
was designed and constructed. The coupling of this unit was
measured to be 33 db. and was essentially equal to both
directions within experimental error. In addition, thre
directivity was sufficlently high so that the probable error
in maximum voltage was less than one percent, These character-
istics conagtitute an assurance of good accuracy when the
instrument was used in conjunction with well-matched pressure

windows and a well-designed slidlng short,
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e. Miscellaneous Components

In addition to the microwave components already

discussed, many other units were required to complete the
test circuit, Foremost ameng these is the Transvar coupler
which suppressed the propagation of higher-order modes 1in
the unit under test. Tests showed that for the normal mag-

netron fregquency, between G230 snd 9404 mc, the mimimunm

couplied power was Gb percent of the incident power, which was

satisfactory.,

1he test circuit employed two other directional

couplers in addition to the Tchebyscheff and Transvar couplers.

| : . These were used to provide power for the freguency meter and
thermistor rnount, The main requirements of the frequency-
meter coupler were that it provide sufficient power and that
it be physically compatible with the rest of the system.
1hese conditions were mosat easily met with a 30 db cross-

guide directional coupler,

3ince the thermistor-mount coupler had essentially
the same requirements as those for the frequency-meter cou-

i pler, a 4O db cross-guide coupler was used for this unit.

Both high-power dummy 1oads &nd low-power termina-

. tions were included in the test circuit., The required loads
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had to be capable of dissipating a maximum of 300-watts
average power and had to have a reasonably low V3WR, The
loads chosen, the carbon-cement type, were able to handle
this amount of power adequately. They had a VSWR less than
1.05, Three low-power terminations were also required. It
was necessary that two of them, those for the thermistor
mount and V3WR functlons, be well matched. The terminations
were constructed using a tapered resistance card of LOO ohms

per square, and the maximum measured V3WR was 1.0l.
7.3 Experimental Considerations

Lxperimenters in the past had encountered difficul-
ties. 1herefore, it was extremely important that breakdown
tests be controlled as ruch as possible, Control not only
served to improve the repeatabllity of a set of tests, but
will also allow direct comparison of tests made at varilous
times by different experimenters employing different test
circults and equipment, It was important that both the pulse
shape and harmonic content of the signal source be controlled,
The Transvar coupler and wavegulde power-dividing network
provide the solution to this problem., The Transvar coupler
suppressed the even harmonics, thus reducing the possibility
of higher-order modes. 'he waveguide power divider permitted

a continuous variation of the power, without pulse distortion
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as might occur if elaectronic methods for varying the signal
output were employed, Howsver, since the magnetron could
not always be operated at the same supply voltage, & set of
photographs of the rectified r-f pulse were taken while the
signal output was varied by adjusting the power-supply
voltage. 1lhe results show that for the tests, both with and
without the Transvar coupler the pulse was normal, reasonably
square-shaped, and uniform from full power down to about 60
watts average power. nhis means that reasonable variations
in power due to changes in supnly voltage can be tolerated

with 1ittle error 1f care is taken to avold large changes.,

Another important point considered, whiie striving
for reproducible data, was the manner in which the magne tron
was loaded. It is well known(lu) that the output of a mag-
netron is dependent upon both the magnitude and phase of the
load impedance. To de termine the exact effect on the par-
ticular magnetron used in this seriles of measurements, tests
were made on the variation of power output with impedance.
Tne results showed that the maximum delivered power, which
is the significant quantity, was about 10 percent greater
for a V3WR c¢f 1.8 than that delivered to a matched load.

ihis raised the guestion as to whether it was desirable to

take advantage of this additional avallable power. The
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arguments in favor of operating the magne tron with a matched
load far cutwelghed the advantage of this additional power
(see fourth interim report) and thus the former course of

action was adopted.

1he manner in which breakdown was detected was

another important problem that had to be solved before re-
liable bresakdown measurements could be made. It wes possible
to obtain an indication of sparking using a viewing bend and
photocell combination., The output of the photocell was dis-
played on an oscilloscopse Or an electronic counter by care-
ully shielding all leads and reducing the ambient 1light.

In these tests, both the 9314 and 1P2l photocells responded
to the light accompanying preakdown in the waveguide.
3everal other methods for detecting breakdown were tried
unsuccessfully. A type 1N77 photocell was placed within a
hole located in the dummy load at a spacing of about 2l
fnches from the spark but gave no response. The 1N77 cell
was moved closer to the spark by placing it at the eyeplece

of the viewing bend but still no response Wwas obtained.

A simultaneous investigation into the use of con-
tact microphones was tried with no visible response on the

oscilloscope after L0 db of amplification. This insensitivity
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may be due to the relatively large mass of the portion in
contact with the waveguide, so that the use of a needle-type

pickup may have proved satisfactory.

Two other systems of spark detection were ccnsidered;
one was dependent upon the assumption tnat the occurrence of
a spark caused a change in the pulse shape, If this were so,
then an electronic circuit which measured the pulse width
could possibly serve to detect a spark. The second me thod
was based upon the fact that the spark wouid introduce a
standing wave into the line. Thus, a device which responded
to a sudden increase in standing wave ratio could be used to
count the sparks, However, these systems were not investigated

because the viewing-bend-photocell combination proved

satisfactory.

At this stage of the program most of the test pro-
cedures were crystallized, so that 1t was possible to start
breakdown tests immediately. It was decided that the first
tests should use the minimum number of auxiliary components
end the simplest technique so that the general approach
could be verified with the least possilble interference from
extraneous factors such as pressure, VSWR, and breakdown of
auxiliary components. For this reason, a breakdown section

was constructed featuring a capacitive window of small
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separation, The initial runs proved to be disappointing
jnasmuch 25 the breakdown d4id not appear to be random, nor
was the onset stress reproducible. An investigation of the
setup revesled that breakdown was occurring at the waveguide
end of the attenuating tube used for spark viewing. This
construction was corrected by pressure-sealing a mica sheet
across the open end of the tube and then pressurizing the
bend. Subsequent tests showed that the bend no longer broke
down., However at this point, breakdown occurred at a pres-
surizing window. An examination of the window showed that
the mica had broken down internally between layers., To

remedy this conditlon more uniform sheets of mica were used.

As thesa conditions were corrected the input power
was successively increased. T1he next increase in power (af ter
the window breakdown problem was solved) resulted in break-
down across the flanges. This new development focused
attention on a problem which existed when the choice of
flanges was made. 3ince the field of wavegulde component
oreakdown is so new, there was insufficient data to determine

which flange arrangement would carry the most power.

Befors going into the problem of determining the
breakdown power of flanges at great length {as was done later

in the program), 1t was decided to employ plain flanges.
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By employing the information provided by an observation of
the breakdown, techniques were developed which lead to an
improvement of the power-handling capacity as the rneed &arose.
An examination of the flanges showed that breakdown occurred
in the section of the flange next to the center of the broad
wall of the waveguide. Thls was not unexpected since any
space existing between the flanges 1s transverse to the
current flow in the broad walls, and parallel to the current
flow in the side walls. The gsections of the flange near the
broad walls act as a capaclitor, and it was the capacitor that
broke down, Thls was corrected by insuring good convact be-
tween the flanges in the vicinity of the broad walls of the
waveguide. This could be accomplished by extending the flenges
near the broad walls to obtain a putt-type joint, by beveling
the sidss of the flanges so that the center protruded in a
convex fashion, or by inserting some malleable metallic sub-
stance between the flanges to insure electrical continuity
along the broad walls. The second method, that of beveling
the flanges near the side walls, was adopted. This scheme
improved the power-handling capacity of the flanges soO that

breakdown was caused to occur in the test gep as desired.

Two sets of tests were made on the test gap. One
set consisted of perlodically observing the number of break-

downs at a constant power level. A test of this sort can be
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used to analyze the break-down process and to determine to
what extent the process can bte considered a random cne, sub-
ject to the laws of statistics, The second set consisted of
observing the number of breakdowns occurring in an interval
of time for a series of different power levels. The infor-
mation derived Ifrom this latter test also was an indication

of the degree of randomness of the break-down pProcess.

To justify the use of a statistical approach to the
sroblem of breakdown, 1t was necessary to show that such a
me thod possesses sOme advantage. The experiments of Cooper(ls)
indicated that a plot of sparking probabillty versus power
results in a reproducible value of onset stress, the knowledge
of which represents a considerable advantage. Hence, the
first experiments made during this program were &n attempt
to corroborate this conclusion. Figure 8 shows the results
of this test; the similarlity of the curve to those obtained

by Cooper indicates that the conclusion was justified.

In addition to providing an excellent means for
data presentation, the statistical approach also can provide
information about the process of breakdown., A set of data
was taken wherein the amount of breakdown was observed for a
numver of successive 15-second intervals. This data was
plotted in the form of a histogram, with the number of break-

downs in a 15-second jnterval as the variasble, The curve is
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shown in figure 9, Similar curves plotted from the same
data, but with 30.-and 60-second intervals as the variable,
are shown plotted in figures 10 and 11 respectively. Al-
though the data 1is obviously meagre, it is apparent that all
three curves strongly resemble a slightly skewed normal dis-
tribution curve, 710 be more specific, it can be easily shown
that in all three cases the mean 1is larger than the median
and the median is larger than the mode, which is character-

{stic of this type of distribution.

At this point some mention should be made of tThe
manner of plotting the breakdown probability curve shown in
figure 8, For this test the power level was held constant
and the total number of breakdowns in a 10-minute interval
was observed., The probability of breakdown for one pulse was
de termined by dividing the number of breakdowns ty the total
number of pulses. This method was employed by Cooper and
{s the obvious one to use since it follows directly from the
definition of probability. For the sake of completeness,
howevel, scme consideration had to be given to this use of
the mean as &an average. Ihe criteria used in the choice of
an average was, that the average ve reasonably accurate so
that a smooth curve would be obtained, that the computation
be simple, and that the necessary data be held to a minimum.

In addition, for the purpose of thils program it was important
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that the portion of the curve wherse the average was small be
well defined so that the onset stress could be determined

with reasonable accuracy.

To obtain the best average, the data of figures
9, 10, and 11 were divided in the following fashion., For
each time interval, the mean, median, and mode were com-
puted for the entlre set ¢s data as well as for the data
considered in groups of ten and twenty readings. A tabu-
lation of the computations may be found in the fourth

interim report.

A consideration of the data shows that for each
group of tests the mean had the least standard deviation and
the least maximum deviation, From the standpoint of simplic-
1ty of computation, the mean again was superior since only
one reading was required at the end of the total time inter-
val. The mean also gave the greatest precision in the reglon
where the probability was very small since both the mode and

te median were not well defined.

For these reasons the arithmetic mean was used in
the computation of the probability of breekdown in figure 8,
The choice was justified because the curve was smooth and

well defined.
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Additional tests, made on a section of ] =mcherx
1/2-1inch x ,050-inch wavegulde (figure L) using the test
circuit shown in figure 5, indicated that the pressure window
neer the generator broke down because the straight section

broke down first (ses fifth interinm report).

It was decided that it would be significant to
determine the effect of external irradiation upon the break-
down ~f waveguide. This would provide a check against the
results of previcus experiments. I addition, if the effect
could be determined, 1t would greatly simplify future test-
ing. The source chosen for this work was an irradiated
cobalt-6C wire which was hermetically sealed in a steel rod.
17he source strength was approximately one millicure, The
radiation consisted of equivalent amounts of two gamma rays
of 1.1 and 1,3 MEV, This source was crosen because 1t was
easily obteined, easily handied, required few safety pre-

cautions, and was adequate for the job.,

In the tests that followed, the value given for the
breakdown power was that which corresponded to the minimum
sparking probability. 1his value was referred to as the
onset stress, A complete probability curve was not taken
for two reasons, First, breakdown in the test section

traveled back to the pressure window and caused continuous
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breakdown at this point. This made it impossible to count
the number of breskdowns in the test sectlon. Second, a
complete probability run at each point would considersably

lengthen the test time and thus would 1imit the useful data.

The effect of external irradiation on the breakdown
section at the breakdown pouwer was determined from a serles
of tests employing varying amounts of irradiation, This was
accomplished by setting the cobalt at several fixed distances
from the waveguide and measuring the breakdown power as @&
function of the gas pressure. The tapered waveguide section
in 1-inch by 1/2-inch waveguide was the test plece (figure ).
For consistency this same test plece was used throughout the
program for all tests to de termine the peak-power capacity of

this size wavegulde.

The procedure adopted was to set the magnetron out-
put at a value near 1its rated maximum, The phase shifter
(figure S5) was then adjusted to produce a convenient power
level in the test section:, ihe pressure in the test section
was reduced in small increments until breakdown occurred, as
r.oted by the photocell and electronic counter, This reading

was then checked and the process was repeated for other

powser levels.
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This procedure was repeated with the cobalt 1in
contact with the wavegulde and also at one- and two-1inch
intervals from the waveguide wall. The complete test re-
sults are shown in flgures 12, 13, and 1. It should be
rnoted that the average power 13 used as the absclssa. Since
the magnetron was operated at the same power level in all
the tests, the curves are self-consistent and errors due to

pulse shape and repetition-rate measurements &are elimirated.

A comparison of figures 12, 13, and 14 shows that
for power levels above 80 watts the curves arse approximately
co-linear. 1his indicates that for powers between 80 and 200
watts, and pressures beétwesen 7 and 13 inches cf mercury,; a
variation in intensity of irradiation produced no change in
breakdown power,., The magnitude of this variation could be
approximated since the geometry of the cobalt was known and
the intensity varied inversely as the square of the dilstance
from the source. This was not necessary, however, since
snother test was run using no external irracdiation. This
data is shewn in figure 15 wherein the indicated points refer
to breakdown with irradiation and the solid curve represents
treakdown with the cobalt in contact with the wavegulde. 1In
this connection it should be noted that the solid curve is

not a reproduction of ths data of figure 12. The differernce
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be tween the two curves 1s that the data was taksen with two

different magnetrcns.

As shown in figure 15, the breakdown power without
jrradiation was never lower *than that obtained at the same
pressure with jrradiation. This was consistent with normal
expectation, In genersal, without irradiation the breakdown
power was sbout 20 percent higher than that under the same
conditions with irradiation. However, it should be noted
that there were three points which coincide with the line.
ihis indicated that the irradiation did not iower the break-
down powar. These points were obtained by walting for a
period of one nhour before breakdown occurred without irradi-
ation, whereas most of the other points were obtained using
2 10-minute interval. fihe normal waliting period with irradi-
ation was S minutes and breakdown usually occurred after
several minutes. Since the number of avalilable electrons
with the cobalt source was of the order of 106 times that
otherwise present, it can be ssen that the probability of
breakdown in one hour without cobalt 1s considerably less
than the probability in 5 minutes with cobalt, This would
explain the fact that the breakdown power without cobalt

was generally higher.
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It must be menticned at this point that several
other »uns were nade wherein the power was held constant for
one hour with no external irradiation. After no breakdown
was observed the cobalt was introduced and breakdown resul ted,
This 1s not surprising in view of the number of electrons

avallable,

Considering figures 12, 13, 14, and 15 it may be
sald with a good degree of certainty that external irradiation
doss not lower the breakdown pOwWer, The results were not
conclusive for several reasons, First, it was 1mposslble to
echieve the same probability of breakdown with no external

irradiation becuuse a walting period of about 106

x 5 minutes,
or about 10 years would be required. Second, figures 13, 1,
and 15 are not uniform cover ths entire range. Since figure
12 1s llnear over the entire range, this casts some douct as
to the accuracy of the measurements at lower power sand
pressure, Fortunately, there was good agreement at the

high-pressure end which was closest to the normal operating

range of atmospheric end higher pressures.

As a consequence of the theores tical result, (de-
scribed in paragreph 5.2 of the error in the high-power re-
flectometer method of measuring VSWR), the reflectcmeter was

set up as shown in flgure S, A combination of sampling probe
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and terminaticn was used to plck up power becsause of the
good match so cbtainad, Several elements, including a
varretter, 1N23B crystal, end several values of Littelfuses
were eriplcyed as de .ecting elements. Tne best results were
obtained with a 1/20C ampere Littelfuse housed in a tuned-

probe assembly.

The V3WR of several mismatches was measured using
botn the reflectometer arrangerent and a standerd impedance
meter, 1In the impedance-meter measurement, the detecting
element was the same 1/200 ampere Littelfuse. The results

of tha test are 1isted in table 1.

AE

i
2

1

CALIBRAIION CF SLIDING=-SECRI REFLICTOMEIER

Low-Fower High-Power

VSWR Using 3tandard V3WR Using Sliding-
Impedance-leter Se tup Short Reflectcmeter

l.C2 1.C3

1.07 1.06

1.11 1.11

L ) 1.19

1.43 1.48

2.0 251

5.0 I8

From the data 1t is seen that the maximum error

occurred at a V3WR of 2.0, ‘the error is given by
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a,

the reflection coefficient, w&s

tre condition 2 << i

jch the theoretical result from equation

i 1s
da+ [,
4
: aad 1T T Py ahgtly
maximum relative errcr < -
i+ 2
For tre equipment used in the test,
a = ,Cl
Fl .01
F2 .02
r3 .02
Tl = ,02
1
c = .01
so that
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ihis is seen TO ccmpare exactly with tne experinentally-
ds terrmined maximum error. Lhus, the rest ts obtained by
using a high-power sliding-short reflactometer compared to
the conventional impedance meter method agresd within the

theoretically predicted error.

7.4 Analysis of Experimental ETXTrors

a. GCeneral
The following factors must bs considered in

estimating the accuracy of the data.

b, Power Measurenent

The primary standard of power measurement was the
water load. 1Ihis consisted of a glass tube inssrted in a
waveguide and tapered to minimize reflections. Water was
circulated through this glass tube and the difference be tween
input and output temperaturss was indicated by thermocouples.
he power calibration was rmade by egquating tre heating effsct

of the microwaves to the heating of the water by 6£0 cps &-¢
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powsr wnich can be maasured GQuUits accurately., Decause of
pessible errors in measuring the 60 cps powsr due to in-
stenility of ths power mater or the water {1Ow%, and the
sssumtion of equsel heating effects between the 60 cps and
=icrowave power,. the robabie error in this measurement was
estimated to ts 3 percent. Tnis substitution ne thed elimin-

te

[ V]
(27

ynkncwn heat losses and inaccuracies in measuring the

bs

&)

tute flow rate,

m

Although thes water load was &n accurate, absclute

(8]

owar measuring device, :+ was undesirablis for breskdown tasts

t

[{]

cause of 1ts slow rssponse tims and bulk. Therefore, 1t

4%
~

was found ccnvenient to use 2 Sperry Microline Model 84LC
tharmistor bridge coupled tc the line by & directicnali cou-

-

1er, and calitrated sgainst the water load. The probable

s

8}

rror of this power monitoring device was estimated tc te

sbout 2 percent of the calibrated reading.

Since power measurements using thermal devices
measure avsrage power, it was necassary to compute peak power
from the repetition rate and duty cycie. Tre repetition rate
was determined by using the Berklsy counter. The probsable

error in this measursment was estimated tc be 0.25 percent.

=Trade Mark, Registersd, 3perry Gyroscope Company

.
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The pulss wildth was rmeasured as the tlme from the
canter of the rise of the curraat pulse to the center of the
fall cf the pulse as viewed on an oscilloscope. The probable
error of the measurement was astimated to be about 7 percent

for the l.2-microsecond pulse,

¢, Determinaztion of Breakdown

Becauss cf the statlistical naturs of breakdown, the
point of onset stress, Or power level at which breakdown
first occurred, Was obteined by axtrapolating the breakdown
probapillicy versus power level data to the polint of zero
probabillcy. Sinca the laterval tetween breakdown Spars
some times tecame long, the onsst stress power level was
a1fficult to dstermins. The error in determining the point

of onget SIresSs WAsS estimazed to be 1 gercent.

d. Wwavegulde Losses

~

Irn X-band, the wavegulde 1033eSs were about ,C7 db
per foot, as majy te seen from figurse 5, the power level at
the coupler exczeded the power level at the test plece. The
distance from the coupler tO tha test plece was about 2 feet
(ann attenuaticn of about C.lh dc). In addition, because thls
length of weiveseide contalined 7 choks-to-cover flange con-

nacticns, the taotgl attenuaticn, including the wavegulde, was
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The error in power due to ~rhanges in microwave iIregRSLIy Cao-
3
culated by an extension of this analysis was found to be

negligible.
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f. Voltage Standing Wavs Ratioe

In the breakdcown tests, the test plece was followed
by a gressure window and a durmy load. The V3SWR of the window

and durmy-load ccmbination was measured to be 1.C7. This

1aad to breaxdcown 1n the %“est secticn at a computed power 7
percent lower than with no stending wave. Eence, the estimate

of breakdown power was in error by -7 percent because of ths

standlng wave.
g. DMeasurement of Pressure

The error in bresakdown pOWer depended upon ths

1ative error 1ln prassure and the absolute pressure in the

mannsr shown 1 eguaticn b7:

-

-
-~ L IS

arcen?t

Thuz, 1t can bte seen that the error in breakdown power in-

»

cre

[+¥]

sas a5 the absclute pressure decreases for a constant srror
in pressure, -P. A gquantltative estimate of how this error
will vary with pressure can be calculated from eguation L7 b7
substituting typlcal values of the parameters. Ihe results

of such a series of calculations are plctted 1n figure 16.

I+t is seen that at low EFressures, the error in power can te-

¢ ome quite largs unless care is taken In the pressure

measurements.

1C1 CCNFIDENTIAL




&9

CONFIDENTIAL

In general, the error in the pressure measurenent,
p, ¢tame from two sources,; the accuracy of the instrument and
the accuracy in reading the instrument. These two sources of
error were independent of each other, TIwo pressure me ters

were used during the coursse of the progran.

ihe relative pressure gauge rad another scurce cof
arror in addition to the two alreacy merntioned. An error
due to parallelax in reading the gauge was estimated tc be
C.,1 inch of mercury. Aleo. the gaug? wWas calibrated agalnst
a manometer in order to check the linearity of the readings.
It scmetimes happsens that & spring loaded gauge does not
give a true reading due to failure of the machanism, From
the calibration, 1t was estimated that the gauge read O
within C.2 inch of mercury of the true reading. rinally,
the most significant source of srror in the gauge Wa&s prob-
ably fluctuation of the atmospherlc pressure, The T.3.
Weather Bureau Reports fer this area indicated that the mean
daily parometric pressure majy change by 0.5 inch of mercury
in the course of a week and that fluctuations of one inch
are not uncormmon. Since the breakdown data was uncompensated
for cnanges in atmospheric pressure, 30 inches of mercury,
absolute pressure, was taken as standard atmospheric pressure

for converting the gauge readings to absolute pressuare.
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Therefore, the error in the measurements made at low pressures
could be large. In addition, the error would probeably remaln
constant in the course of testing of coriponernts (the baro-
metric pressure 1is relatively constant for a period of

several hours) and therefore would not show up as in*ternal
inconsistency in the hreakdown dzta, DBecause of the fluc-
tuations in barometric pressure, the most probable error in

pressures was estimated to be C,3 Inches of mercurye.

A pressure meter used in the latter part of tre

puilding block phase of the program to perform some of the

ot

low-pressure fests was an absolute pre3sure manone ter pur-
crased from the Zmil Grelner Company (Model 10706). This
1pstrunent can be read o trs nearest 0,01 centimeter of

mercury and grovided exirsme acsuracy even at very low

3ince the relative pressure gauge was used for most
of the breakdown tests, the errors wars estimated on the basls

of 1ts accuracy.

Iha best case refers to tasts in which the pressure
was 15 inches of mercury or above and the worst case is fer

pressure of 5 inches or abovsa. 3ee takle 2,

13 CONFIDENTIAL
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TABLE 2
PRE3SURE V3 POWZR ERRCRS

Celculated Power

Esgtimated Pressure
Loy

Source of srror Errors (Ap) Errors Cji) oy -
- T [ — 1§ - e B
Worst case Best case
rezding 0.1 LA 1.3%
instrument
accuracy of 6.2 3% 2.6%
instoument
narcme tric 0.3 12% 2.9%
fluctuations
E14
overall rms error 15% )t.9%

In most of the tests, some oOr all cf thse data was
obtained above 15 inches of mercury, absolute gressure.
Therefore, the most probable error for the tests was taken

as the test of the two cases (table 2) resulting in an ocver-

How-

0
‘0
@
4]
)
@
o)
ot
L]

all error due to pressure measurenents of L.C
ever, it should be notad that i1t was possible for these
factors to add in phase for a particular test, subsequently

resulting in a much larger error than estimated.

h. Summary of the Probable Errors

Parametsr errors
water load
thermistor

rapetition

bridge

rate

pulse width (for l.2-microsecond

pulse)

10l

3 percent
2 percent
0.25 percent

7 percent

CONFIDENTIAL
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onset stress 1 percent
standing wava (V3WR) -7 percent
atteruaticn +6 percent

Pressure measurement errors

reading instrument 1.3 percent
accuracy of instrument 2.6 percent
barometric fluctuatlons 3.9 percent
Overall probabls error 9,4 percent

the probabls errors wers astimated on the bacsils
that there was 50 percent probabllity that the measurerent
would be within the stated limits. The error due to pulse
wldth could approach 21 percent for the shortest pulse width
(0.4 microsecond). The oversall probable error was taken as
the square root of the sum of the squares of the individual
probable errors. liote that there are two constant errors in
the power carrying capacity; a -7 percent error due to the
V3WR and a +5 percent error due to attenuation., For very
preclise work, a -1 percant adjustment should be made in the
rencrted values of power carrying capacity. The combined
results of these effects have a negligitle effoct on ths

overall probable error in the breekdown measurements.

3ince the peak power 1is an important measured

quantity in breakdown tests, an attempt was made to measurs
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it by two independent mears, 4s noted elsewhere, the method
adopted for measuring pesk powsr for test purposes was to

@)

ct

measurs the average power and divide by the duty cycle
obtain peak powsr. This method assumss that the pulse 1s
rectangular in shape and neglects the fact that even in the
best actual pulse, ripple and overshoot are present. In
order to check the vslidity of this assumptlon the results
obtainsed by the average power me thod were compared with
measurements made with the 3perry lodel 630A Peak Fower

meter,

This instrument employs a baratter detecting in
conjunction with differentiating and intergrating circuits
to measure peak power, 1hus it provides an independent
method for measuring peak power. ‘ihe results of the tests
are not conclusive because the btackszround ringing in the
srea where the tests were made could not be essily eliminated.
Eowever, the tests 1lndlcate that for ring levels less than
25 percent of the psak power meter reading, the difference
be twean the measured values obtained by the twc methods was
jess than 6 percent, This result was obtalned by subtract-

ing the ringing algebralically from the meter reading.

1nis agreement 1s only an indication of the

accuracy of the measured peak power level because the 7peak
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power meter is not an absolute reading device since it 1s
calibrated using a low powser pulse. Eowever, the results do
indicate that there is close egreement between the shapes of
the high power pulse and the low power calibration pulse,
which has a good rectangular shape. 3ince this 1is so, 1t 1s
safe to conclude that the average power method of measuring
peak power, which is based upon the assumption of a rect-
angular pulse shape, 1s valid for the eguipment used 1n these
tests.
§. 1Investigation of Methods of Locating the Reglon of
Breakdown

Several attempts were made to locate the region of
breakdown by using an Amperlte contact microphone and a set
of throat microphonss. There was no vislble response on the
oscilloscope sfter LC db attenuation. 4s stated previocusly,
tnis insensitivity might be due to the relatively large mass
of the portion in contact with the waveguide, Therefore, 1t
was thought that the use of a needle type pickup might work.
A crystal pickup device was tested with negative results. 1In
an effort to find a substance which was physically affectad
by exposure to breakdown, pressure sensitive masking tape,
wax paper, lempilaq and several organic starches, including

potato starch were tried. (Tempilaqg 1s a wax-1like substance

1C7 CONFIDENTIAL




CONFIDENTIAL

which melts at a specific temperaturse and changes its appear-
ance upon solidifying.) Howsvsr, none of these substances

gave a satisfactory indication of breakdown.

Defender Brand velour black enlarging paper was
used but gave nc indication of breakdown, Success was
finally achieved using (ontura Brand contact orthochromatlc
refiex paper. 1he paper was placed sensitive side facing
the air gap, along the walls of the test section. This
operation, as well as placing of the test section 1in the
circuit, was carried out in subdued light. The microwave
energy was then applied until breakdown was noted, both by
the sound and by the photocell and counter combinatiocn. At
this point the power was turned off and the paper removed

and developed.,

The picture shown in figure 17a, reveals saveral
jnteresting and important features, First, the marks are on
those portions of the paper which were adjacent to the broad
walls of the wavegulde. 1ikils i3 as expected inasmuch as the
breskdown was parallel to the elactric field., Ths next
feature to observe is that marks occur in pairs, one on aach
wall., This indicated thatl every spark traveled the full
distance between the walls. Another important fsature is

the axial spacing betlween the spols. Although thils was
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difficult to maasure pbecause several of the breakdowns show
up as small clusters, the specings were measured to be
approximately 2L, /6l, 30/6kL, and 20/6l, measuring to the
center of the cluster. At 9375 mc, the operating frequency,
one quarter wavegulde wavelength was approximately 28/64.
This velue was exactly equal to the average of the three
measured values. Trnis indicated that in the plane of the
spark, the admittance 1s that of a short circuit which
creates a voltage maximum one-quarter wavelength towards the
generator. This point then breaks down, shifting the voltage
maximum another quarter wavelength towards the generator,
and so on. 1ihe chain was broken when the voltage maximum
fell on the generator side of the pressure window, at which
point the pressurs was sufficiently great to inhibit

breakdCwWi,

Several other plctures were taken following the
same procedure, and one of these 1s shown in figure 17b.
This shows the same characteristics as does figure 178 except
there 1s one spot which has no mats on the opposite wall.
1his indicates that the spark did not traverse the full gap
width but occurred as a point-to-plane discharge. Ancother
interesting featurs of this pilcture 1s the apparent gap of

about one-hall wavelength betwsen one sat of spots, This
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would imply that either the breakdown occurred at a low-
voltage point, which is hardly likely, or that the spark did
not touch either wall but was point-to-point in nature.

Whe ther this is true or the print is merly misleading, is

difficult to say on the insufficient evidence available at
this time. The spacing of the spots in figure 17b are very

close to one-quarter wavelength or multiples thereof .

Some comments of a more general nature are in order
at this point., The record of a spark breakdown within &
wavegulicde 1s an innovation in the field. Previously, photo-
graphs had been obtained cof low freguency and cavity dis-
charges, but the photographs presented here are unique. The

| great amount of detail shown on these plctures reveals a
significant amount of information concerning the breakdown
process. It indicates that breakdown 1s of ten initlated by
more than a single electron. This is shown first, by the
cluster of marks in a single area, whizh indicates that
several sparks crossed the gap independently. The premise
i{s also substantiated by the forked nature cf the other

} spots, This jndicates that several elactrons initiated
sparks which were originally irdependent, bult were suffi-

ciently close to be joined in a common path., This 1is as ons

110 CONFIDENTIAL



CONFIDENTIAL

might expect, jnasmuch as a single electrcon, which creates
an avelsnche, leaves in 1ts wealks a cloud of positive ions

which then attract any other electrons.

Another slgnificant feature of breardown is re-
vealed by figure 170, Eere it can be seen that the spark
does not always cross the entire gap. Tris is not surprising,
if one considers that the spark is the result cf an avalanche
jnitiated by a single electron. 3ince this electron is
created at some internal point, it is plausible that the
sparkover should occur between this point and that wall which
is instantaneously at a positive potential with respect to
ground. Such a sparkover will distort the fleld, so that an
increaced gradlent 1s created between the wall at negative
potential and the jnternal point where the spark originated,
ihis will serve to promote another spark in the region, and
by a chain reaztion the entire space be tween the walls may
be covered. However, it is possible that the initial point
was sufficiently close to the wall, at positive potential,
shat the initial spark did not distort the fleld significantly.
Or else the time involved for the entire process to occur,
and the voltage phase at the time of initiation, might be
such that the entire gap was not traversed, It should be

noted here, that there was no gssurance that the spark
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crossed the entire gap, even in those cases Wwhere spots

appeared on both walls, This uncer tainty 1s due to the fact

‘that the pliotographic paper will pick up the light from a

short distance away. However, the nature of the palrecd
spots, and the fact that the spots do not always occur in
pairs, is a good indication that the entire gap was actually

traversed 1in thoss instances.

Further information about the spark itself 1s re-
vealed by the 3pacing of the spots. These spaces are nearly
one-quarter wavegulde wavelength in every case. This indi-
cates that the spark represcnts a very high admittance which

approximates a short circult.

s has been stated before, the means of lccation of
the region of breakdouwn, and the results coualned, afe & dis=
tinct contritution to the study of microwave preakdown, How-
ever, it should be recognized that the me thod has several
1imitations. First, in order to use the photographic paper
the breukdown section must consist of flat surfaces which are
accessible from the outside. This is necessary in order to
satisfy the assumption that the paper does not change the
fie1ld configuration thus affecting the voltage gradient and
the region whers breakdown OCCUrs. 3econd, there 1s the

necessity of loading the paper in subdued light, and then
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developing the paper after the tests are completed., The
first objection can be a very severe limitation in the study
of the breakdown of the complicated wavegulde components.
Therefore, morc work should be done to improve the general
technique and thereby overcome this limitation. One such
attempt might involve &an investigation into the use of some
light sensitive liquid, which can be applied dirsctly to the
walls of the test plece,

©. Mcasurcment of The Effect on Peak-Power Breakdown of
Various Design Parameters

9,1 Pressure

Pressurization of wavegulde components with alr or
soms other insulating gas 1s a widely used technique for
increasing the power carrying capacity of a radar system,
on the other hand, this program used evacuation of the test
plece as a technique for inducing breakdown with the limited
amount of availabdle power. Trerofore, the range in which
the extrapolation of broakdown power Vs pressuce data above

and below atmospheric pressure is valid, had to be de termined.

As shown by the data, flgure 12 is linear over 1its
cntire range and figures 13, 1, and 15 are linoar for higher
power and pressure. If it is assumed that ths linear region

is more rsliable, then it is established that the natural
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logarithm of power VvVersus the natural logarithm of pressure

curve is a ctraight line. Thls means that the breakdown

powcr is a function of the prossure raised to some poOwWeTr,

First, assume

exponent

power = constant X pressurs

on; B = Kpn

Then, In P = 1n K + n 1In p

in 2l - 1n Peo
in pl - 1n pe
_1nK +nlnpl - 1n X - nin p2

in pl - 1n pé

Slope of 1n P vs. 1In p =

slope = n

Thercfore, 1f the curve of 1n power Vvs. ln pressure
is lincar, then the slope of the curve is the exponent to
which the pressure nust be raiscd. This exponcnt varied
from a maximum of 2.05 in flgure 12 to a minimum of 1.8L4 in
figure 13; tho mean was 1.95. For breakdown under low-
frsquency conditions, the corresponding value was 12, which
was arrived at by a consideration of Paschen's Law, This
Law statcs that the breakdown voltage 1is a unilque function
of pressure times the gap width., Since the voltage was
approximately proportional to the gap width, this means that
the brcakdown voltage was very nearly directly proportional
to the pressurc. ASs a CONSEQuUInCe, the breakdown power 1s
proportional to the squarc of the prsessure and the vxponent

is 2.
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The close agreemunt botween the mean value of 1.95
and the low-frequency vealue of 2 was gratifying. This pre-
vided a check on the accuracy of the measurements, and it
justified the ¢xtrapolation of the data to higher valucs of

pressure.

Additional breakdown power Vs pressure data to be
prcsented later in this report indicates that a linear
relationship between 1ln power and 1n prcssure exlsted from
at least 5 inches to LO inches of murcury (absolute

pressure ).
9.2 Pulse Duration

To investigate the variation of pulse width and
repetition rate on peak-power breskdown, tne standard tapzsrcd
wavegulde sectlon of 1-inch x 1/2-inch x .0f)-1inch wavegulde

was used (sec figurc L).

4 ¢hart showing the diffsrent pulse widths and
repetition rates tested 1s shown in table 3. Included in
this chart are the slopes of the in power Vs 1ln pressure

curves obtained from tho data.
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TABLE 3

FULSE WIDTHS AND REPETITION RATES
USED I BREAKDOWN 12375

Pulse Width Repctition tate
(microseconds) puises per second
300 | Loo | 8GO 2500
0.4 - 12.36|2.3512.5
0.6 - 2,13 | 2.4 | -
. - 2.17 | 2.2 -
2.35 - 2.3 - -
3.55 2.8l2. | - | -

] 1
]
4 H L )

The number of variations of pulse widths and
repetition rates was 1imited by thoe cquipment available.
Since the values used encompass most of the useful radar
range, this data is considered sufficient. Only one point
was taken at 300 pps. Since this point was so close o Loc
pps it was feltl that the data would be inconclusive, and
further testing at this repatition rate was discontinued.
Some of the data that was obtained is plotted in figures hIRe
and 20 in the form of 1ln breakdown power Vs 1ln pressure for
different pulse widths and repetion rates {see tenth interim
report for complete presentation of the data). Figure 19
contains the data on the variation of pulse width as the
repetition rate was Leld constant at 400 .pps. In figure 20

the pulse width was held constant at O.h4 microsecond and the
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repetition rate was varied. All the curves are straizht
lines with approximately the same slope which varles from
2.1 to 2.5 as compared with data in the seventh report, This

indicates a slope of 2.08 for the same test section.,

Since the relationship between powver and pressure
is power = (constant) x (functicn of repetition rate)
x (function of pulse width) x (pressure)exPonent
x (function of other parameters),
1t was decided to plot a family of curves of powar Vs pulse
width at a constant repetition rate, with pressure as the
parameter, By this method, the effect of the known parameters

of repetition rate and pressure were eliminated and the eftect

of pulse width could be de termined.

This was done on a logarithmic scale since it was
expected that the function would be expcnential., This data
{s shown in figure 21, It can be seen from this graph that
all of the curves are straight lines, which indicates that

the exponential assumptlon was correct,

Trhe data taken at a 3.55 microsecond pulse width
was not plotted slince at this point the curve tended to
flatten and the data was almost identical with the 2,35-

microsscond pulse. The data for a constant repetition rate
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of 800 pps and varying pulse widths ylelded curves similar

to the curves snovn in figure 21, In figure 22, the slopes

of the various curves of figure ¢l are plotted as a function
of pressure, It can be seen from this curve tnat the slope
variation with pressure was very small, which means that the
sffect of pulse width 1is independent of pressure. The average
value of the slope was 0.36 which is very close to the decimal
equivalent of the fraction 1/3. Therefore, for convenlence,
the peak-power, to close approximation, 1s inversely pro-
portional to the pulse width raised to the 1/3 power in the

range from 0.4 to 2,35 microseconds.,

The data obtained on pulse width and repetition
rate can be compared with jnformation contained in several
referencesS7’85’87. In the M.I.T. report on microwave kreak-
down,85 data on the effect of pulse width upon breakdown is
analyzed and a relationship between power and pulse width 1is
established., Tests were made using pulse widths between C.2
and § microseconds at & repetition rate of £00C pps in the
l-inch x 1/2-incht x ,050-1inch waveguide. It was concluded
that the peak-power carrying capacity varied inversely as the
square root of the pulse width for pulse widths less than 2
microseconds, Above 2.5 microseconds the pulse width has no

effect,
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ihe M.I.1. data compares favorably with the data
contained in this report, where power variles inversely with
the pulse width to the 1/3 power. Also, the data presented
in this report shows that the power-handling capaclty 1s
essentially the same for 2.35- and 3.55-microsecond pulses,
This agreement was expected, since beyond a certain value of
pulse width there 1s su ficient time for the formation of a
spark, so that increasing the pulse width should have 1little

effect,

Trers are two reasons for the discrepancy betwesn
the values of 1/2 and 1/3 for the exponent: (first, the test
piece used by M.I.Z. was s reduced-height sectlon of wave-
guide, which means that an extrapolation of the data was
necessary to obtain the final values; and second, the M.,I.T,
data was not consistent, aAn examination of several of ths
curves presented indicated that a value of 1/3 for the

exponent 1is more in agreement with the data than a value of

1/2.

The effect of pulse width on breakdown power in
Lydrogen gas is discussed by Lathrop and Brown(S?). Tris
work was done with & resonant cavity in the 10.7-cm range
(2800 me), with pulse widths varying from 1 to 6C microseconds

at a repetition rate of 8C pps. Iwo curves of breakdown
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field vs pulse width were plotted with pressure as & para-
meter, cne containing pressures to the right of the knee of
the Paschen curve for hydrogen and the other to the left of

the knee,

Several things are apparent from these curves,
First, as the pulse width was lncreased fron 10 to 50 micro-
seccnds, the oreaxdown fleld remsined approximately the same.,
Cn a qua-itative basls, thls agrees quite well with the data
in this report. ZExact guantitative results were diiiicult
to obtain, since the curves are not too well defined at low
pulse widths, and the data was teken in hydrogen which might
exhibit different breakdown characteristics than eir,
Secondly, in the region from 1 to 10 microseconds the bresak-
down-field vs pulse-width curve appears to be exponential;
but again, no guantitative results can be obtained, Thirdly,

£t is to bs noted that Lathrop and Brown57, toge ther with

-~

o7

Prowse !, piotted their data with pressure as a parameter,
indicating that the relationship between peak-power cipaclty

and puise width might be a function of pressure,

An examination of the curves oy Lathrop and Brown
fndicates that from pressures of 2 to 32 mmm of mercury the
relationship remains essentlally trne same, 10 substantiate

these views at the higher pressures used on this project
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(5 to 1C inches cf marcury), figure 22 contains a curve show-

ing tha variation of the pulse-width e¢zponent as & function

of pressure, The almost constant slope of the curve indlcates
that pressure is nct a facter in deterninlin

the pulse-width

o

vs peak-power carrying capaclty relationshi
5.3 Repetitlon Hate

The data on the effect of repetition rate upon

ke

eak-power breszkdown was presented in conjunction with the

a2k

9
U‘

e-duration data in paragraph 9.2.

Iin considering the effect of repetition rate on
peak-power breakdown, a femily of curves was plotted of power
vs repetition rate at a constant pulse width of C.4 micro-
second, with pressure as the parametcr. ITne relationship
retween pover and repetlition rate was assuried to be expo-
nential and a log-log graph was utilized, This is shown in

figure 23.

ir examinaction of these curves shows that they are
straignt lines with approximately the same slope. In order
o 2llustrate the independence of the pow r-repetition-rate
reletionship upon pressure and to obtain the expunent, the
slopes of the curves of figure 23 were plotted es a function

of pressure, Ihis 1is shown in figure 24. The slope is
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essentially constant with pressurs snd has an averags valuc
of .067. Further examlination of “he data indicates that the
repetition-rate exponent remained essentially constant as the
pulse width was varied up to 3,55 microseconds. Therefcre,
tc a close approximation the power is inversely proportional

to the repectition rate ralsed to the 1/15 power in the regicn

from LOO to 2500 pps.

Prowse07 discusses the treakdown flelds 1n wave-
guldes at 9375 mc (3.2 cm) using air and neon st pressures
from 2 to 30 mm of mercury. ihe pulse width was varied from
1 to 2 microseconds and the repetition rate from 200 tc 600
pulses per second. Mo gquantitatlve ansiysis can be perforned
since the pressures are very close to the knee of the Paschen
curve and the data is not too well dofined. Eowever, 1t is
apparent that the pulse width and repetition rate influence
the power-handling capacity of waveguides in a fashion

similar to that indicated by the results in this report,

The M.I.I. report57 also discusses the effect of
repetition rate on peak-power-handling capacity at G375 mec,
and is concerned with the range of S00 to 2000 pulses per
second and a pulse width of 1 microsecond., An expression
{s arrived at, that

Peak power = (8000 - RR)
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Comparing this result to the relationship obtainead from the
data in this report, it can be conciuded that because the
t.I.T. data is not too consistent, the M.I.T. expression may
be accurate over a small rangs, but that the exponential
relationship where the pesak-power capacity varies inversely
with the repetition rate to the 1/15 power is more nearly

correct. (See tenth interim report for further discussions.)

9.4, Pulse 3hape

The mcst cormmon way of measuring pulsed peak power
is to measure the average power and convert to peak power by
dividing by the duty cycle. (This method was adopted for
these tests.) It assumes an ideal rectangular pulse shape.
Eowever, actual pulses have finite rise and decay tilmes and
uneven tops. 1iherefore, the calculsted peak power did not
corrsspond to the actual poak power toO which the test vplece
was subj2cted and this jead to errors. In addition, the top
of the pulse shape may suffer from overshoot on the leading
edge and ripple or fluctuation of the top of the pulse, The
ripple and overshoot voltages definitely had an effect on the
peak-power breakdown for which it was difficult to compensate,
hese effects could be remedied in two waysS. First the pulsing
ne twork could be designed so effects were held to a minimum,

3econd, the magnetron could be operated at the same drive

)
A
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voltage for all tests so that whatever portion of these
effects could not be eliminated, could be held constant.

This approach was implemented by utilizing a waveguide power-
divider network to obtein changes in power level to the test
plece. In addition, pictures of the r-f pulse indicated that

the pulse shape was reasonsably good.
9.5 Mechanical Finish

Three pleces of wavegulde were fabricated with
different values of roughness on all four walls in order to
investigate the effect of surface rougnness on peak-power
capacity. (ihe definition and measurement of an RM3 finish
is contained in paragraph 4.3. After the completion of the
tests the RMS values of the pleces were measured and found
to be as follows:

a., plece number one varied from 300 to LOO RMS

b. plece niumber two varied from 550 to 650 RMS3

¢c. plece number three varied from 650 to 850 RMS
3Since these values are higher than those normally encountered,
they represented &an extreme conditicn of surface roughness
and as such formed an upper 1imit, above which no practical
application exists. For example, drawn orass wavegulde 1is

generally better than 64 RMS. These tests were valuable
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since the data indicated breakdown values which are con-

siderably better than those of most waveguide components,

The data on the three test pieces are plotted in
figures 18, 25, and 26. As shown in the figures, the slope
of the 1ln power Vs 1ln pressure curves remains essentially
constant at 2.0, which 1s the same as the slope for a standard
wavegulde section. By extrapolation of the curves, the peak-
power capaclty at atmospherlic pressure was found to be:

&, ploce number one (300-400 RM3) - 89 percent of the full
waveguide power C&rry-
ing capaclty, or 1.23
megawatt,

b. plece numoer two (550-650 RiiS) - 82 percent of the full
wavegulde power carry-
ing capacity, or 1.1k
megavatt.

c., pilece number three (650-850 RH3) - Th percent of th3
full waveguide power
carrying capacity or
1.03 megawatt,

fhus, it is seen that the 300-40C0 RHES3 finish, which was worse
than that generally encountered in practice, could carry 91
percent of the full waveguide power carrying capacity. This
is conslderably more power than most wavegulde components

wili carry and enables a relaxation of surface finish speci-

fications on many components.,
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G.6 Nature of the Gas
a, Introduction

A complete investigation of the nature of the gas
upon peak-power breakdown was obviously beyond the scope of
this program. lLowever, i1t has been suggested in the litera-
ture(gs) that other gases would be preferred to air in
applications where high-voltage gradients are encounctered
pecause of their superior insulating properties, Cne such
gas 1s sulphur hexafluoride (SFé). This gas has several
desirabie features. 1t is colorless, ordorless and non-
toxic, For these reasons, sulphur rexafluoride may be use-
ful in high-power radar systems and therefore its peak-power

breakdown characteristics were investigated,

Three different test pleces were used in measuring
the effect of the gas upon peak-power breakdown, The first
test plece was the standard tapered section (see figure 27)
used to find the peak-power capaclty of l1-inch x 1/2-inch
x .05C-inch wavegulde. The second test plece was a section
of standard l-inch x 1/2-inch x .050-inch waveguide con-
taining two hemispherical bumps as shown in figure 28, The
pbump section was suggested by VWheeler storatories(ao) for

the purpose of standardizing the breakdown tests made in

various laboratories throughout the country. It also has the

126 CONFIDENTIAL




CONFIDENTIAL

cdded advantages of breakdown at considerably lower power
than the wavegulde and of being easily matched., The partic-
ular unit used had 0,150-4inch radius bumps and a VSWR of
1.09 at 9375 mc. Wheeler Laboratories claim that the
nhemispherical bump or spark gap section will breakdown at
one-ninth of standard waveguide power. The third test plece,
similar to the one used by Posin, Mansur and Clarke(sg), was
a swayback test section in which the inner dimensions of
standard l-inch x 1/2-1inch waveguide was gradually tapered
from 0.900-inch x 0.400-inch to a 0.900-inch x 0.0l2-inch
cross section as shown in figure 29. 1In this manner the
V3WR was kept low. lhe swayback was computed to carry 1/33
of standard l-inch X 1/2-1inch wavegulde power capacity on
the assumption that the field gradient required for break-
down was constant. A swayback section 2.5 feet long was
selected as a compromise be tween match and length, It had

a VSWR of 1.6 at 9375 mc which did not adversely affect the
oscillations of the magnetron. As the fregquency was varied
the VSWR did not exceed the value at 9375 mc. At frequencies
above and below this value, such that the gap length was an
odd multiple of guarter wavelengths, the swayback approached
a matched condition. This indicated that the swayback could

be considered as a mismatched cavity formed by two lumped
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susceptances. In computing the field gradient in the gap at
breakdown, the effect of the standing wave in the cavity was

included.

Three methods of pressurization were employed in
the SF6 tests., The first one utilized basically the same
test circult that was used for previous tests with the
addition of an adapter to inject the gas into the test piece.
in order to obtain the data, the test section was evacua’ ~ .
with the gas tank closed from the rest of the system, The
Lest vacuum obtainable from this arrangement was 1.8 inches
of mercury, absoclute pressure. When this vacuum was achieved,
the SF gas was fed into the test plece until the desired
pressure was obtained. The power was then varied until
breakdown occurred, The gas mixture in the test section was
estimated to be more than 60 percent SF . This method of
obtaining the data will be referred to &s the single

evacuation method.

The second method of pressurizing the test section
was similar to the single evacuation me thod. The test section
was evacuated to 2 inches of mercury while it was isolated
from the SFé supply. When this vacuum was achieved, the gas
was fed into the test plece until the pressure reached one

atmosphere absolute. Then the gas tank was closed off from
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the system, and the test plece was agalin evacuated to 2 inches
of mercury. The gas was again fed into the test plece until
the desired pressure was obtained., Assuming a perfect mix-
ture of alr and gas when the test section was ralsed to
atmospheric pressure, a simple calculation indicated that the
residual air in the test section was reduced from 2 inches to
0.07 inch of mercury. The power Wwas then increased in small
increments until breakdown occurred. The amount of gas in

the test plece during the tests was estimated to vary be tween
93 and 98 percent, This method of obtaining the date was

referred to as the double evacuation me thod.

The third me thod of pressurization used to inves-
tigate the breakdown of sulphur texafluorlide gas was referred
to as the balanced rate method., Ihe test circult 1s shown
in figure 30, 1In the balanced-rate me thod, the test section
was evacuated to two inches of mercury absolute pressure and
filled with sulphur hexafluoride gas to one atmosphere abso-
iute. Then the pressure desired in the test plece was attained
by adjusting the input and output valves until the amount of
gas removed from the system by the pump, which was left on
during the tests, was balanced by the amount of gas injected
plus whatever air leaked through the wavegulde pressure seals,

This method assured a constant gas pressure of essentially
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uniform composition throughout the duration of the teste
The effect of gas turbulence 3n this method was kept to a
minimum by maintaining a slow gas flow rate through the

test plece.

The data obtained on the breakdown of sulphur
Lexafluoride gas 1s shown in flgures 27, 28, and 29 1in the
form of 1ln power Vs ln pressure. Figure 27 shows the data
for the standard l-inch x 1/2-inch x .050-1inch waveguide
test section obtalned by the three pressurization me thods,
Figures 28 and 29 show similar data obtained for the hemi-
spherical bump and the swayback test pleces respectively.
Al1] the curves are straight lines with approximately squars-
law slopes. The displacement between the curves obtalned on
cach test plece by the various pressurization techniques

indicates differences in power capaclty.

ihe results of the tesis are presented in table i
as a ratio of measured power carrying capacity of the com-
ponent, when filled with sulphur hexafluoride gas by a
particular pressurlzation me thod, to the power capacity when
f11led with air, It can be seen from table L that the slopes
of the 1n power Vs ln pressure curves for all test sections
and methods conformed approximately to a square-law rela-
tionship. This square-law relationship has been observed

rmany times before for the breakdown of components in which
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It

although not conrlusively, that the power carrying

capacity of the three test sections differed because of the

size of the breakdown gap and the composition of the gas

rather tiian because of a non-

uniform field 1n the breakdown

region.
TaBLE L
SUMMARY CF BREAKDOWN IESTS FOR SF6 GAS
Test Section
Standard Hemispher- Swayback
waveguide ical Bump
Pressur- Power Power Power
ization Ratio Ratlo Ratlo
Technique SFB Slope SFé Slope SF6 Slope
air air air
Single- 1.3:1 to 2,0 No test
Evacuation 1:1 2.0 2.6:1 | 1.9
Double- Insuf-
Evacuation i.2:1 2,0 No test L:1 ficient
Data
Ralanced- :
Rate 6:1 | 1.8 6:1 || 1.9 13:1 2.1

b. Variation of Power Carrying Capacity with Pressurization

Te

chnique

For the standard waveguide test section, the data

indicates that the relative power carrying capacities for
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sulphur hexafluoride (SF6)‘ injected by the single-evacuation,
double-evacuation and balanced-rate methods, were in the ratio
1.1:1.2:6., Similar results, indicating that the greatest
relative power carrying capacity for a component occurred for
the balanced-rate me thod, were observed for the hemispherical
pump and swayback sections, The results of the balanced-rate
me thod were probably higher than either the single- or double-
evacuation methods because it provides the greatest purity of
SF6 gas. The superior breakdown characteristics of this gas
as compared to alr have peen attributed by Schumb, Trump, and
Priest98 to the relatively large collision cross section of
the gas molecule and the affinity of 1t and 1ts dissociation
products for the attachment of electrons, For uniform-field
breakdown, 1t was expected that the dielectric strength of
100-percent SFb gas would be reduced by mixing 1t with a gas
of lower dielectric strength such as air, Thus, the break-
down of a gas mixture composed of varylng percentages of SF6
end air would vary from a maximum for 100 percent SF6 to a
minimum for 100 percent air. In using the available equip-
ment, the balanced-rate method came closer to attaining 100
percent SF6 than either the single- or double-evacuation

me thods., The inherent weaknesses in the ability of the
single~ and double-evacuation methods to provide high gas

purity was attributable to twe conditlons. First, the pumping
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equipment did not remove the residual air from the test plece.
(The lowost attainable vacuum was two inches of mercury., )
Initlially, therefore, a comparatively large amount of air was
jeft in the test section, which contaminated the SFé' Secondly,
additional contaminating air entered from the outside through
the wavegulde pressure seals because of the pressure differ-
entials existing during the tests. This leakage further re-
duced the SF6 gas purlity. If these limitations could be
removed by application of high-vacuum techniques, it is
expected that the single-evacuation method (double evacuation
would then be no longer necessary) would provide the same
results as the balanced-rate method and would have the further
benefit of not consuming SF6 gas SO extravagantly. Since
high-vacuum techniques are beyond the scope of this program,
the belanced-rate technique waé found to be the superior
me thod of pressurization,
¢, Variation of Power Carrying Capacity with Different
Test Sections

As previously stated, the data on the standard wave-
gulde utilizing the balanced-rate method indicated a power
carrying capacitiy ratio for SP6 to air of 6:1; for the single-
and double-evacuation methods it was only l.1l: and l.2:1,
respectively. In most applications, SF6 gas was used to

jncrease the power carrying capacity of waveguide components.
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If the purity of the gas could be kept high, an incrsease in
power carrying capacity of 6:1 could be expected for these

components,

The data on the hemisphericel bump section was ob-
tained by the single-evacuation and balanced-rate methods and
resulted in power carrying capacities of 1.3:d to 2.8:1 for
single evacuation, and 6:1 for balanced fate. With the ‘
single-evacuation method, as can be seen in figure 28, the
power carrying capacity of the bump section changed abruptly
at 15.6 inches of mercury, absolute pressure, from 1,3:1
below to 2.8:1 abova ths bend in the curve. An abrupt change
was not observed fcr the balanced-rate me thod., Thersfore, a
change in the breakdown mechanism for the bump structure as
was suggested in the fifteenth report is highly unlikely.

The probable explanation is that the gas purity increased at
pressures above 15.6 inches and resulted in an increase 1ln

power capacity, as proviously commented upon,

The data on the swayback with a .0l2-inch gap indi-
cates & 13:1 ratio in power carrying caspacity for SF6 to air
for the balanced-rate method, and a 4:1 ratio for the double-
evacuation method., The major portion of this difference can
probably be attributed to variation in gas purity for the two

me thods. The 11:1 power ratio repcrted in the sixteenth
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report for this swayback is an average value obtained for
several different pulse widths and repetition rates, wnereas
the 13:1 value of this report pertains to a 1.2-microsecond

pulse width and an 800-pps repetition rate.

In addition to variations in the results on the

- various test pleces due to gas purity, it was indicated 1n

the sixteenth report that a change in the breakdown mechanism
could also causé variations. Pashen's law states that the
voltage gradient required for breakdown is & function of
pressure and gap width, For the range of pressures used in
the tests, the gradient increased slightly as the gap width
was reduced. 1Ihe magnitude of this phenomenon was obtained
by comparing the breakdown voltage gradient for air in the
standard waveguide and the swayback test sectlons. For this
purpose, the ratio of the effective power (effective power is
the power causing the swayback section to breakdown taking
ijnto account the presence of standing waves) to the measured
power of the generator was determined to be 1.23 utilizing
equation (43).

The peak-power carrying capacity of the air-filled
swayback at atmospheric pressure was measured to be 53 kw,
and thus the effective power was 65 kw. The power carrying

capacity of 0.900-1inch x 0.400-inch rectangular wavegulide was
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scaled to 0.900-inch x .012-inch wavegulde on the assumption
that the fileld gradient required for breakdown i1s relatively
constant. (Refer to equation (42.)) 1This calculation indl-
cated that the power carrying capaclty of the swayback 1s
1/33 of standard 0,900-inch x 0.400-inch waveguide, or Ll kw.
Thus, the ratio of the measured to the scaled value for the
breakdown gradient was 1.5 in power or 1.23 in voltage. The
enormous change in the gap height required to produce a 23-
percent increase in the breakdown voltage gradient demon-
strated why this phenomenon can be neglected for most radar
applications. Independent experimental results verifying the
experiments conducted under this contract have been obtained
by Herlin and Brownuo. They measured the breakdown gradient
of air for various pressures and gap heights in a cylindrical
cavity at 2800 mc. Figure 5 of their paper contains a curve
of pressure times wavelength (pA) vs voltage breakdown
gradient per unit pressure (E/P) for a number of cavity
reights (L), Data was taken for values of pA up to 300 mm

of mercury per cm and for values of L ranging from ,0635 to
7.62 cm, The results indicate that variations of as much as
li:1 in voltage breakdown gradient can occur for the range of
gaps measured. The appropriate value for pA in the present

experiments was 2280 mm of mercury per cm which 1s outside
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the range of Herlin and Brown's data, Extrapolation of thelr
data to this value is of doubtful accuracy since the curves
are not linsar., Howsver, qualitative estimates based on the
Herlin and Brown data of the difference in voltage gradient
between the two gap heights, corresponding to the standard
-waveguide and swayback test sections, indicated the same
effect and order of magnitude as were observed in the data

reported here.

A similar anslysis of the data for the SFb-filled
swayback and standard wavegulde test sections was made. The
ratio of the measured value of the breakdown gradient of SF6
for the swayback (compensated for the standing wave by
equation (43)) to the value scaled down from the measured
value for standard wavegulde was 3.2 1n power or 1.6 in
voltage. It 1is very likely that the same gas purity was
attained by the balanced-rate method for both test sections.,
Therefore, the major reason for tr: diffsrence in breakdown
power was probably the size of the breakdown gaps., It 1s
seen that the change in gap produced an 80-percent increase
in breakdown voltage gradient for SF6 and only a 25-percent
increass for air. Unfortunately, the literature does not

reveal any information on the treakdown of SF6 as a function
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of gap size which might support this result. However, the
heavier SF6 molecule can certainly be expected to have

different physical prcpertles than alr.

From this discussion it can be concluded that the
balanced-rate method is the superior pressurizatlion technique.
Increases in power capacity of the order of 6:1 for waveguide
and wavegulde components and 11:1 for gap widths 1in the order
of ,012 inch are to be expected with the use of SF6 gas. It
should be pointed out that the increase in power capaclty of
Sk to air of 10.5:1, as reported by Kaplan’“Lg and Sutherlandloo
was obtained from data taken on swaybacks with gap widths that
correspond to the swayback gap size reported here, The two
sets of data agree very well., However, their reports claim
that the value of 10.5:1 will hold for wavegulde and wavegulde
components. Thils extrapolation of their data to larger gap
widths 1is incorrect because, as pointed out in this report
and in the work by Herlin and Brown, the voltage gradient
required for breakdown varies with gap width, Therefore, the
factor of 6:1 for wavegulde and waveguide components appears

to be the more correct flgure.

Data is presented 1n the sixteenth interim report
jn which the balanced-rate method was used to investigate

the effect of variation of the pulse width and repetition
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rate on the peak-power breakdown of the SFé-filled swayback
section. lhe results indicated that the breakdown power of
SFé-filled waveguide is inversely proportional to the pulse
width raised to the 0.22 power in the range from 0.4 to 1.2
microseconds and inversely proportional to the repetition
rate ralsed to the 0.12 power in the reglon from LOO to 2500

pulses per second.
9,7 Plating Materlal

The most common radar application of plating mate-
rials is undoubtedly the anodization of aluminum wavegulde.
Since it would be beyond the scope of this program to inten-
sively investigate plating finishes, it was decided to make

a high-power test of a typical anodized wavegulde.

Aluminum waveguide is used in many radar appli-
cations where welight is a consideration. Prolonged exposure
to the atmosphere causes the surface of the aluminum to
oxidize, thereby increasing 1ts attenuation, To prevent
this, a protective anodize finish is usually applied to
sluminum waveguide. Since this protective film 1s non-
conductive, the current flows only in the aluminum and the

amount of attenuation i< not increased.
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The anodizing process may, however, affect the
power cerrying capacity of the waveguide, Therefore an
investigation of the effect was made. The test pilece used
was a 3-inch length of standard l-inch X 1/2-inch anodized

aluminum waveguide (see figure 3ad) .

Since waveguides used in radar applications are
sometimes too long to fit entirely into the anodizing bath,
they must be placed in the bath first from one end and then
the other. Two layers of anodizing film are deposited at
the center of the waveguide, 1his "double dipped" condition
was reproduced in the waveguide testead. In addition, the
test section consisted of two lengths instead of a single
iength of anodized waveguide, so that an anodized choke-to-
cover flange connection would alsc be included. The test-
result points are plotted in figure 31. For comparison, the
curve for the standard waveguide has been included in the
figure, and it can be seen that the test data agrees quite
well with it, indicating that the anodizing has an insignif-

jcant effect on the power carrying capacity of a wavegulde.

9.8 Microwave Frequency

The effect of microwave frequency on peak-power
breakdown was not experimentally investigated because a

variable frequency high-power source was not available.
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However, the theoretical power carrying capacity of rect-

angular waveguide is glven by equation 38.

=
n

By =y . P8 2% %%-
g
As the microwave frequency varies, the quantities
K, a, and b (which refer to a constant of the medium, and
the narrow and broad walls of the wavegulde respectively)
remain fixed. Eo i{s the breakdown field gradient for the
medium. With reference to paragraph 6,1b, it was found that
breakdown at microwave frequencies was characterized by the
fact that some electrons and positive ijons cannot cross the
gap within a half cycle of the applied power, and therefore
the breakdown potential is independent ot frequency, Thus,
the quantity Eo should not change over the operating fre-
quency band of ths waveguide. This leads to the concliusilon
that the power carrying capacitly of rectangular wavegulde as
a function of frequency will vary with the quantity x/xg,
the ratio of free space to waveguide wavelength. In the
recormmended operating frequancy range of standard l-inch x
.050-inch waveguide (8.2 kmc to 1.24 kmc) K/Xg will vary from
0.60 to 0.8l which may be considered typical for all wave-

guide sizes., This means that the power carrying capaclty of
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waveguide varies by the ratio 1.l4:1 over the normal operating
frequency range, Breakdown in other frequency ranges 1is

discussed in a later paragraph.
9.9 Voltage Standing Wave Ratlo

1he power carrying capacity of a mismatched trans-
mission line and a resonant cavity will be considered in
this paragraph, If a transmission line is mismatched, &
standing wave will be sel up. The effect of a standing wave
is to increase the voltage gradiont at points along the line
towards the generator separated by half wavelengths. The
circuit used to investigate this effect of a standing wave
upon peak-power breaxdown is shown in figure 32. Inductlve
iris No. 1 was used to introd ce a reflection in the 1line;
iifferent irises were used to obtain the desired VSWR!s,
Since the operating characteristics of a magnetron are such
that load changes affect the power output, and also because
tha increase in the standing wave ratio may causz some Of
the auxiliary components in the test system to break down,
it was decided to 1limit the standing wave to the region of
the test section., To accomplish this a second inductive
iris, No. 2, and a phase shifter were used to cancel the
reflections from the first mismatch. The reactances of the

two irises were made equal and the phase shifter was ad justed

ihe CONFIDENTIAL




CONFIDENTIAL

until a minimun VSWR was cbtained. A perfect match was not
obtained in all cases because of the attenuation in the line
between the first and second irises, extraneous reflections
from other componants, and a slight inequality between the
two reactances. However, the input VSWR was less than 1.5
for all tests and was generally less than 1.2. This value

was sufficiently low to assure an accurate test.

It should be noted that because of the structure of
the circuit a resonant cavity existed between the two in-
ductive irises. This caused increased voltages and losses

which were considered in the formulae section, paragraph Sk

Tests were conducted for voltage standing wave
ratios of 1.19, 1.39, 2.0, 5.1, and 10.0. The results of
these tests are shown in figure 33. For V3WR's up to 2, the
slopes of the curves of 1n power Vs 1ln pressure were iden-
tical to that for standard matched wavegulde; for VSWR's of
2, 5.1, and 10, the slopes were just slightly below that
for matched waveguide. The peak-~power capacities as extra-
polated to atmospheric pressure are given in table S. It
should be noted that this data is not to be used to determine
the peak-power capacity as a function of VSWR, since the
test conditions were different from actual vperation condi-

tions, as will be shown later.
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TABLE S
PEAK-POWER CAPACITY FOR VARICUS VSWR!'S
V3WR of Inductive Percent of Full
Iris No. 1 wWaveguide Power 5
e 2 95
L.hy 82
2&10 60
5.0 30
10.0 13

The results shown in figure 33 were expected, since
the type of breakdown should remain the same as the VSWR was
varied, thus assuring a constant slope for the power-pressure
curves. As the V3WR was jncreased, the maximum voltage
present in the waveguide jncreased and hence the peak-power
capacity had to decrsase. The data on the effect of VSWR
upon peak-power capacity was obtained by the use of a reso-
nant cavity since thils was the best way to avoid loading the
magne tron and introducing further errors. This necessarily
complicates the interpretation of the data and requlres a
more complete analysis pefore the information can be utilized.
However, since in actual practice several mismatches are
generally present at some random spacing which may approach

a resonant condition, this data is very pertinent. The
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breakdown characteristics of a single riismatch and of a
cavity formed by two mismatches are discussed in the formulase
section, paragraph 4.5, and will now bs compared with the

experimental data,

Figure 34 shows the percentage of waveguide power
vs VSWR for the case of a single mismatch., The graph was
drawn for lossless and lossy transmission lines, as described
by equations (15) and (16). The curve for the lossy line
was drewn assuming 10 feet of brass waveguide (,054 db perxr
foot) between the generator and mismatch, In both cases the
mismatch was assumed to be a pure shunt reactance, Figure
35 shows the percent of full waveguide power vs VSWR of one
mismatch for the case of a resonant cavity formed by two
properly spaced mismatches in a waveguide. There are two
conditions shown in this graph: one for the lossless cass
with a cavity input VSWR of unity (equation (17)) and one
for the case of a lossy cavity, 3-1/2 feet long (.054 db
per foot), with an input VSWR of 2 (equation (18)). Here
again, the mismatches were assumed to be pure shunt react-
snces. The curve for the lossy line, input VSWR of 2, was
not extended for VSWR values lower than 2 since these values

are not realizable and have no meaning.
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For comparison purposes, figure 36 contains curves
of the various conditions described in equations (15), (16),
(17), and (18). These curves indicate that for low values
of VSWR (under 2.0) and for the conditions shown, the differ-
ence in peak-power capacity is 10 percent or less. This was
expected because, tor low values of reactance for the mis-
match, the cavity Q will remain relatively low and will not
give rise to a large jncrease in the maximum voltage present
in the cavity. As the reactance of the mismatch was increased
and approached a short circuit, the difference between the
power capacity for the lossy, single-mismatch line and the
lossy-cavity arrangement increased until it approached 28

percent of full power carrying capacity of the wavegulde.

In applying these equations it should be mentioned
that most applications will l1ie between the two extreme
conditions of a single mismatch and a cavity., This is true
because a transmission line generally contains several
mismatches arbitrarily spaced along the line, with insertion
losses that will vary from one component to another. This
type of problem 1s a statistical one and will not be dealt

with here.

Before explaining the practical effect of VSWR upon

peak-power capacity in microwave systems, it will be well to
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compare the experimentel data with informaticn that can be
obtained from a knowledge of the inasertion losses, Q factors,
and reactances of the mismetches, This will help to clarify
the breakdown phenomena and will present a firm basis for

the interpretation of the data, To simplify this compariscn,
the data was replotted (figure 37) in the torm of percent of
full powsr carrying capacity of the waveguide vs VSWR of
mismatch, alcong with the values obtuined from the measurement
of the insertion losses, Q factors, and reactances of the

mismatches.

To calculate the power carrying capacity using
measurements of the insertion loss of the cavity, an aazalysils
similar to that used to obtain eguation (18) was employcd.
The only diffsrence 1s thst in the experimental circuit the
general position of breakdown was known; this is the position
where the maximum voltage was determined, The attenuation
was considered to be linear with distance and the cavity
input V3WR, to be 1.25. These calculations are plotted in

figure 37 and are shown in table 6,
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TABLE 6

MEASURED AND CALCULAIED DATA

e

Measured Calculated Percent of Power Carrying 3
Percent Capacity of VWi.veguide
of Power . |
Carrying
Wavegulde E
at Atmos-! Using Insertion- Using React- | Using Q V3WR cf |
pheric Loss Measurements: ance of Mis- | Measure-| Cne
Pressure match ments Mismatch
89.0 i G0.5 §9.0 - 1.2
77.0 79.0 76.0 - 1.4
56.C 55.C 55.0 - 2.0
1 28‘1 25‘3 27.8 - SQC:
|
‘ 12.2 1355 1555 12.5 10.C

To determine the peak power carrying capacity using
the reactance of ths mismatch, an understanding cf the basic
properties of an iris when considered as a trensformer must
ba utilized. 1his is consldered in dutall by Montgomery*
and the necessary =quations are presented 1in the formulae
section, paragraph L.5. Since the condition required for
this report was different from that for which the eguation
was derived, the analysis must be extended to meet the present

case. The particular arrangement usad for the breakdown tests

+3ee ref. 79, p. 167 and 182-186
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consisted of two irlses SO spaced as to form a cavity. The

cavity input VYSWR was always l9ss than 1.50., Howevel’, since
the voltage buildup in the cavity was & function only of the

iris, provided that the cavlity was matched and lossless con-
attions prevailed, equation (19) could be used as an &pprox-
jmation for =his present case. These valuss are shown 1n

table 6 and are plotted in figure 27.

Lawson &and Fano* present an analysis of a lcssless,
resonant cavity formed by two shunt reactances and derive an
expression for the loaded g of such a cavity. This erpression
1s presented in the formulae section, (eguation (21)) and
determires 2 as a function of the reactance of the iris (BO).
3ince an expression for the maximum voltage (N) inside &
cevity formed by two shunt resactances in terms of the react-
ance of the irils has already been determined (equation (19))
it is possible to substitute one into the cther to obtaln an
expression for N in terms of BO. Lowever, because of the
complex structure of equations (19) and (21), this solution
1s a very lengthy one. If it is assumed that BO >> 1, then

the solution can be reduced to that shown in equation (23).

;S;e ref. ;8: p. 654657
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Tor a VSWR of 10, the normalized susceptance was
found to be equal to 2.13. The Q for this case was neasured
and substitutsd into equation (23). It was found that the
power carrying capacity was equal to 12,5 percent of ths
power carrying capacity of waveguide. This 1is plotted in
figure 36 and shown in table 6. o other points were deter-
mined using Q measurements because of the difficulty of the
experimental procedure and the good correlation obtained from

the other calculsations,

The information contained in table 6 shows an
excellent corrsspondance between the rneasured high-power
data and the calculated values using low-power measurements.,
It rmust be pointed out that, the correlation obtained was
much better than that which should normally be expected
since the experimental and approximation errors were of thre
order of 10 percent. Nevertheless, it placed the experi-
mental data on a firm osasis and enabled the power carrying
capacity of resonant cavities to be calculated with a good

degree of accuracy.

7he overall practical effect of VSR upon power
carrying capacity could then be determined., Filgure 38 shows
s plot of percent of wavegulde power carrying capacity (full

wavogulde power) vs VSR for liree of the most pertinent
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conditions that were previously discussed., One curve 1s for
& single mismatch at the end of 10 feed of brass waveguide,
Although ro> experimental data was btaken for this condltion,
the theory 1is well known and reliable, and should be correct

to within a few percent

lie other two curves represent the case of a
resonant cavity formecd by twe properly spaced mismatches.
The first of these 1s a theoretical curve for a lossy cavity
and the second is an expsrimental curve taken on an actual
lossy cavity. ile theorotical curve was plotted assuming
the following conditions: that tke input VSWR to the cavity
was equai to 1.25, that the mismatches were pure shunt re-
sctances, and that the exact position of breakdown was known
to be 2.35 feot from the input nismatch and 0.72 feet from
she outpui mismatch (line attenuatlon = 0.05l db/per foot).
hese condlitions are the same as those used in the experil-
mental setup and were chosen to irndicate the degree of
accuracy that can be achleved by using the theoretical
calculations. Filgure 38 indicates a maximum error of 6
percent betwesn the theoretical and experimental curves;

this is well within the gxperimental and approximation errors

involved for this case.
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Between these three curves all conditions of VSWR
present in a transmission line are considered., For example,
the practical case of the VSWR present in a radar system can
be discussed. In this case the individusl mismatches are
usuelly small and regardless of their spacing, the overall
VSWR of the system is generally less than 2. Using this
information, the graph indicates that regardless of which
curve is chosen the difference between the power carrying
capacities in the two extreme conditions 1is less than 10
percent. However, if greater accuracy is desired, it can be
de termined whetlher a resoriant cavity exlsts, and, if it does,
what the power carrying capacity will be 1n this portion of
the system. In this manner the curves of figure 38 can be
used to solve any problem arising out of mismatches present
in a transmission line.

p—

R. Uooperl)

gives information on the effect of VSWR
upon peak-power breakdown., He presents data taken for three
different gap sizes as the VSWR is varied from 1.7 to 5.9.
over this range of V3WR the voltage gradlent necessary for
breakdown remalned essentially constant, which 1is in agree-
ment with the data in this report. As was stated previously,
the consteat slope of the power-pressure curves indicated

that the type of breakdown remeined constant as the VSWR

was varied. The fact that the voltage gradient remalned

152 CONFIDENTIAL




CONFIDENTIAL

constant as the VSWR was varied is essentially the same thing,
since if the gradient did not change, the type of breakdown

remained tlic same,

There is another point worth mentioning with
regard to the experimental data. It can be seen from figurs
38 that the power capacity of a resonant cavity can be re-
duced tc as low as 5 to 10 percent of full wavegulde pcwer
by increasing the Q factor. Because of the shortage of high-
power sources, this can be a very useful property. By means

£

of a controlled test, the breakdown characteristics of com-
ponents can be studied utilizing power sources with 1/5 to
1/10 the power output that would normally be required, This
suggests an alternate to the necessity of using evacuating
equipment to reduce the power carrying capacity and 1s another
means of checking data obtained by means of conventional
techniqgues.

10. MEASUREMENT OF THE POWER CAPACITY OF WAVEGUIDE AND
COMPONENTS

10,1 wavegrides

a. Breakdown of & l-inch x 1/2-inch waveguide at Atmos-
pheric Pressurc

lhe standard l-inch x 1/2-inch tapered waveguide

section (figure L) was tested at various times in the course
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of the program to check the accuracy of the measurements,
3ince 1t was decided to classify the breakdown of components
and structures by thelr percentage of power carrying capacity
o the waveguide, 1t was important to establish the power
carrying capaclty of the waveguide and periodically check
the result. lhe data of the tests are plotted in figure 39
in the form of 1n power VS ln pressure curves, The fact
that the data appears linear when presented in this manner
indicates the breakdown power is an exponent function of
pressurs. The exponent for the tests varied between 2.0 and
2.1, ‘This result agrees very well with theoretical square-
1aw relationship between power and pressure based upon an

extonsion of Pashen's Law that was discussed in paragraph 9.1.

The data in figure 39 is sufficiently uniform and
consistent to permlt an extrapolation to values of higher
pressure. Thus, the 1inos in figure 39 have been extended
to atmospherlic pressurc. This permits the value of the
average power at breakdown for the three tests to be read
directly from the curve. The peak power carrying capacity
of a l-inch x 1/2-1inch wavegulde at atmospheric pressure and

with a matched termination is:

peak power carrying capaclity =
2

KT
(average POWeT) X (yaoctition rate X p

ulse width)

sl CONFIDENTIAL




CONFIDENTIAL

. peak voltage under test conditions
vasn B peak voitage for matched conditions

(1.038)2 .

(average power) X <
800 x 1.2 x 10

~J
1}

The results of this calculation for the three tests are

tabulated in table 7.

TABIE 7

POWER CAPACITY OF 1-INCH X 1/2-INCH WAVEGUIDE

—

Test date Powar capacity at atmospheric pressure
(Megawatts)

Cctober, 1952 1.43

March, 1954 1.56

Februery, 1956 1.39

Test conditions: 1.2 microsecond pulse width

800 pps repetition rate.

It can be seen from table 7 that the March 1954
test results differed from the February 1956 test by 12
percent, This difference was attributed to sxperimental
accuracy. However, since the February 1956 dats was obtained
using a manometer for the pressure readings whereas the other
data was obtained using a relative pressure gauge, there is
good roasen to favor the February 1956 data, This conclusion

is bolstered by the fact that this data appears to be more
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self-consistent than either of the two remaining sets of

data., For this reason the final test on l1-inch X 1/2-inch

waveguide made in February of 1656 near the end of the pro-

gram will be used as the standard for wavegulde power carry-

ing capacity. It should be ncted that whereas the standard

curve drawn on the component breakdown data curves that will

be presented 1n the following paragraphs of this ropori may

be elther the April 1954 or the October 1652 data, depending

upon when the component was tested, the percentage of wave-

gulde power carrying capacity repeorted 1n

the test for these

components has been ad justed to the new s tandard.,

b. Breakdown lests on Cover-to-Cover Flange Joints

A test was noxt performed on two sections of 1-inch

x 1/2-1inch x .050-inch wavegulde coupled toge ther by means

of a cover-to-cover flange joint, The two waveguldes wers

aligned at the flange joint by pinning th

e two flanges and

py taking a milling cut on the faces of the flanges to assure

that they would mate flush to one another.

A plot of tne

data obtained 1s given in figure LO. It was found by extra-

polation of the data that the power-handling capacity was p IS

megawatts at atmospheric pressurcé. This is essentially the
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the same value as that for standard 1-inch x 1/2-inch x .050-
inch waveguide. The slope of the 1ln power vs 1ln pressurc was
2.0 which is essentlally the same as for standard wavegulde.

c. Breakdown Tests on the Misalignment of Cover-to-Cover

Flange Joints
Since the cover-to-cover flange joint carried full

waveguide power when properly aligned, it was decided to in-
vestigate the effect of flange misalignment on standard l-inch
x 1/2-inch x .050-inch waveguide with a cover-to-cover flange
joint, The flanges were removed and markings placed on the
edges, so that they could be misaligned set amounts in the

vertical and horizontal planes.

Data for the veriical misalignment of the cover-
to-cover flange joint is shown 1n figure Li. t can be seen
that as the misalignment was increased, the slope of the
curves decreased as well as the absolute power handling
capacity. For a .0L40-inch displacement (10 percent of the
wavegulde height) the «lope was 1,6. By extrapolation of
the data to atmospheric pressure, tr.c peak power handling
capacity 1is reduced to 30 percent of the power carried by a

properly allgned cover-to-cover flange joint,

2 CONFIDENTIAL




CONFIDENTIAL

A five percent misaiignment of waveguide height

yielded & curve whose slope is s 76. At one atmosphere the

power handling ability was reduced to 45 percent of a

properly aligned cover-to-cover flange.

The data for the misalignment of the cover flange
joint in the rorizontal plane 1is shown in figure L2. It can
be secen that the slope as well &3 the absolute power level
decreased as the misalignment was increased, but not 8o
markedly as for the vertical plane. For a separation of
.0LO-inch (4.5 percent of the waveguide width) the slope of
the 1ln power Vs 1ln pressure curve is 1.91. The peak power
carrying capacity at atmospheric pressure was found by
extrapclation of the data to bz 70 percent of the power

carricd by a properly aligned cover flange joint,

The data on the misalignment of the cover-to-cover
flange joint in both the horizontal and vertical planes 15
presented in figure L43. The slope of the curve is 1.67.
1re power handling capacity was 4,7 percent of a properly
aligned joint's power handling capacity. ihis is roasonable
since it would be expected that the power handling abillty
as well as the slope wculd be less than the corresponding
voertical misalignment case. AS is shown on the graph, the

power handling capacity is the same, while the slope is less

158 CCNFIDENTIAL

1
-




CONFIDENTIAL

less (1.67 as comparcd Lo 1.76). Since the results of tne
two cases were expected to be approximately similar, the

error was probably an experimental one.
d. Breaxdown Tests on & Choke- to-Cover Flange Connection

lests were conducted in the l-inch Xx 1/2-inch x
,050-inch waveguide sizc using a UG-39/U cover flange and a
UG-LOA/U choke flange. fThe dimensions of the choke flange
are shown in figure 1 of the eleventh interim report. The
primary function of the choke flange was to present an
electrical short circult at the broad waveguide wall over the
operating range of the waveguide., & representative choke
flange was chosen, and no special precautlon was taken to
insure the alignment of the intornal dimensions c¢f the wave-

guldes when mating with the cover flange.

It is seen that the data curve of 1n pressure Vvs
1n power is linear and has a slope of 2.07 (figure 4h4). The
peakx powexr handling capacity was 1.35 mcgawatts at atmos-
pheric pressure. Both the slope and the pesk power handling
capacity was the same as that of regular waveguids. This
was expected since both depend upon the slectrical con-

tinuity, which is a property of the choke=-to-cover flange

connection.
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e. Breakdown lests on a Misaligned Choke~ to-Cover Flange
Connection
ihe standard l-inch x 1l/2-inch x .050-inch wave-
guide with cheke and cover flanges was used. Markings were
placed on the cdges of the flangcs so that they could be
misaligned prode termined amounts in the vertical and hori-

zontal planes,

The data taken when the displacement was .020~1inch
in the vertical plane 1s shown in figure L45. 7The slope of
the curve cf 1ln power Vs 1ln pressure is 1.95, which 1s
¢ssentislly the same as that for a properly aligned choke-
to-cover flange coinection., However, the peak power handling
capaclty was roduced. By extrapolating the data to atmos-
pheric pressure, it was found that this joint could carry

1.12 megawatts or 81 percent of the full wavegulde power.

The data taken when the vertical displacement was
.CLO inch is shown in figure L46. Note that the points do not
secem to indicate a linear reclationship for 1n power Vs 1n
pressure. This was uncxpscted since all previous data had
indicatcd that the peax power handling capacity and the
pressure were rolated by an exponential function, which would
produce & linear log-1log plot. Because of this fact, it wsas

docided to average the array of points so that a linear curve
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would be obtained (figure 46). This curve indicates a slope
of 1.86, By extrapolation, the power capacity was found to
be 0.94 mogawatt et atmospheric pressure or 68 percent of
waveguide power handling capacity. As an added step, the
points were replotted in figure 47. This indicated two
different slopes as the pressure was varied. It was thought
that this effect may be due to two different types of break-
down; that is, one due to current and one due to voltage
(see figure 47). However, very little is known about the

existence of this effect,

The data taken when the choke-to-cover flange
connection was misaligned in the horizontal direction is
shown in fipures 48 and 49. From figure 48, the slope of
the curve of 1ln power vs 1lr pressure for a horizontal dis-
placement of .020-inch is 2.06. This value 1is the same as
that for the aligned choke-to-cover flange connection, By
extrapolation, a peak power handling capacity of 1.25 mega-
watts at atmospheric pressure was found. This is 90 percent
of full waveguide power, The data for horizontal displace-
ment of .OLC inch is shown in figure L9. The slope of the
curve of 1ln power Vs 1ln pressure was found to be 1.93. This

again is essentlally the same es that for the properly
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aligned clicke-to-cover flange connectlon. Extrapolation to
atmospheric pressure indicated a peak-power capacity of 1. 06

megawatts, or 7¢ percent of full waveguide power,

The data gathered on the combined vertical and
horizontal displacement of the choke-to-cover flange con-
nection 1c presented in figures 50, 51, and 52. Figure 50
contains tlie results of a vertical and horizontal displace-
ment of .020-inch, The slope of the curve of 1ln power Vs
1n pressure 1s 2.06. By extrapolation, 2 peck power handling
capacity of 1.25 megawatts at atmospheric pressure was found.
This is 90 percent of the full waveguide power. In figure
51, the data taken when vertical and horizontal displacement
was 040 inch 1s presented. Here again the same condition
was encountered as in the case of the 0.CL40-1inch vertical
displacement, [his was expected, since whatever conditlons
existed in the vertical case alone should exist in the com-
bined horizontal and vertical case. The data was plotted 1in
the same manner as before. The average slope of the array
of points is 1.95. The peak power handling capacity at
atmospheric pressure was found by extrapolation to be 1.04
megawatts or 75 percent of full waveguide power. In figure
52, the data 1s shown replotted on a dual-slope basis. A

comparison between flgure 52 and figure L7 shows 2 good
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Here again two different

types of breakdown are suggested.

vertical and horizontal misalignment for the choke-

flange connection and the cover-

jable 8 gives a comparison be tween the data on the
to-cover

to-cover section.

LABLE 6
COMPARISUN BETWESN VERTICAL AND HORIZONTAL
MISALIGNMENT
f PERCENT OF WAVEGUIDE POWER
MISALIGNMENT ‘ AT ATMOSPHERIC PRES3URE
Type Extent { Cover-to-Cover Choke- to-Cover
! Flange Connection Flange Connection
Sh b | o 7
.02C inch| L57% B1%
Vertical
104 ©
.0L0 inch 29% 68%
2.27"7 a &
.020 inch| 89% 90%
Horizontal
L4.5% a .
0LO inch 70% 6%
S5%b
Combined 2.2% a L6% Q0%
Horizontal| .02C inch
and )
Vertical 10% b )
2.2/0 & no test 75%
\ .0L0 inch
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f. Breakdown Tests on the Effect of Separation in a Choke-
to-Cover Flange Connection
Tests were conducted to determine the effect of

separation in a choke-to-cover flange connection because there
are several microwave applications where a flange connection
will have to ke separated, and also to complete the overall
investigation of flange connectlons. ‘hese tests were con-
ducted in the l-inch x 1/2-inch x ,050-inch waveguide size.
The test piece consisted of a UG-L0A/U choke flange separated
from a UG-39/U cover flange. Precautions were taken to line
up the inside dimensions of the waveguide in order to avoid

the effects due to misalignment.

Since the unit tested could not be pressurized, no
curve was piotted, Up to a gap of .01l inch no breakdown
occurred at a peak power of 230 kw, the maximum output from
the magnetron. For spacings of 0.011 inch or larger, arcing
occurred between the flanges along the outer surfaces,

g. Preakdown Tests cn the Effect of Grooves and Gaps in
Waveguilde Walls

This investigation was significant because several

high-power radar systems are now using hellarc-welded junc-

tions, which often leave small grooves and spaces in the
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waveguide wall. The heliarc-welding techniques are used to
save money and time when assembling complicated microwave

components.

Five different heliarc-welded test sections 1in 1-
inch x 1/2-inch x .050-inch waveguide were selected for test
(see figures Sk to 58). Those illustrated represent some of
the conditions that would probably occur on a production
basis. These conditions were the goal, but not necessarily
those which were obtained. Therefore, as a check, all test
sections were cut in cross section to determine what actually
existed. The curve of 1ln power vs ln pressure for a typical
welded butt joint is shown in figure S5L. As expected, the
curve was a straight line with a slope of 1.90. The peak
power carrying capacity at atmospheric pressure, as deter-
mined by extrapolation, was 0,98 magawatt or 71 percent of
full waveguide power. Flgure 55 shows the results for the
welded butt joint having a .005 inch groove. The slope of
the curve of 1ln power vs 1ln pressure is 1,85, The unit can
carry 0.88 megawatt or 63 percent of full waveguide power at
atmospheric pressure, as determined by extrapolation., The
data for the welded butt joint having a .,005-inch gap is
shown in figure 56. The slope of the curve of 1ln power Vs

1n pressure is 2,09, and the peak power handling capacity is

¥
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1.1 negawatts or 79 percent of full waveguide power &at
atmospheric prassure., A plot of the data obtained for the
typical welded choke flange is shown in figure 57. The slope
of the curve of 1ln power vs ln pressure 18 1,90, This curve
indicates that the power handling capaclty 1s 66 percent of
wavegulide power, Extrapolated to atmospheric pressure, this

means that the welded choke flange can carry 0.92 megawatt.

The data for the welded choke fliange having a ,005-
inch gap is plotted in figure 58, Here agein note the same
type dual-slope curve as reported in paragraph 10,1le. The
same technique in handling this data was used again; that is,
plotting the dual-slope curve as well as an averaged single-
slope curve. It is interesting to note that the slopes
encountered here, 1.3 and 2.03, are sssentially the same as
in figure 47 (1.5 and 2.1). The average slope of the curve
of 1n power vs 1ln pressure 1is 1.80. Extrapolation to atmos-
pheric pressure indicated = peak-power capacity of 0.78

megawatt, or 56 percent of wavegulde power.

A special test section, shown in figure 1 of the
twelfth interim report, was constructed to complete the tests
on the effects of grooves and gaps in waveguide walls. A
section of the broad wavegulde wail was removaed and a plate

was heliarc welded in its place. No special gap was intended.
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The gap that occurred was the normal result of this welding
process. 1he dimensions of the removed sectlion were made to
correspond to that of standard 1-inch x 1/2-inch x ,050-inch
waveguide, In this manner the data could be compared directly
with other test results, The peak power handling capaclty at
atmospheric pressure was found by extrapolation to be 1,25
megawatts or 90 percent of the full waveguide power and the
slope was 2.1. This data agrees with the results presented

in the eleventh interim report on the speclially constructed

section used to simulate gaps and grooves 1in waveguide walls.

In order to clarify the data on heliarc-welded test
sections, the test pleces were dissected to see how well the

desired dimenslons were maintained during manufacture.

Figures L, 5, 6 and 7 of the twelfth interim report
show photegraphs of the cross section of the heliarc-welded
test pleces whicn tend to justify the results on the basis of
mechanical deficlenciles such as rough surface, gaps at the

juncture of the waveguldes or excess drops of solder,

The information on the offects of gaps and grooves
in waveguide walls, on peak power handling capacilty, indicates
that heliarc-welding techniques are feasible for fabrication

of waveguide components. It has been shown (with the exception
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of the choke weld having & ,005-inch gap) that power handling
capacities of 70 percent of the full wavegulde power and
higher cen be realized in heliarc-welded components without
resorting to special manufacturing precautions. Power-han-
dling abilities of the order of 90 percent of the full wave-
gulde power can be realized if special steps are taken to
ensure proper alignment of mating surfaces and a reasonably
smooth surface finish is maintained., Since practically all
microwave components have peak power handling capacities less
than 70 percent of the full wavegulde power, the use of this
reliarc-welding technique 1is permissible and will not lower
the peak power handling capacity of any component, With the
trend toward making radar systems lighter by using aluminum
in tra construction of waveguide components, the use of

heliarc welding will greatly reduce the cost of such systems.
h., Breakdown ‘lests on Flexible Waveguide

Two units were tested, both 12 inches long; one wlth
choke and cover flanges (Iiteflex part No. 40198), and one
with two cover flanges (Titeflex part No. 40184). These units

are of the so-called convoluted and interlocking type.

Figure 59 shows the results for the two units
tested. The unit with two cover flanges (Nc. 4018L) carried

slightly more power than the unit with choke and cover flanges
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(No. L0198). 1In both instances the slope was essentlally the
same; that 1s, 1.70 for the choke-cover unit and 1,60 for the
cover-cover unit, By extrapolation, it was noted that the
choke-cover unit would be able to carry 42 percent of full
waveguide power at atmospheric pressure or 0.58 megawatt,
while the cover-cover unit had a peak power handling capacity

of 0.48 megawatt or 3T percent of full waveguide power.

Figure 60 shows the results for the choke-cover unit
when it was subjected to a G0~ and a 180-degree twist. The
slope of the two curves of 1ln power Vs 1n pressure 1is 1.7,
which 1s the same as that for the untwisted case. The prax
power handling capacity at atmospheric pressure, as deter-
mined by extrapolation, was 0.55 megawatt or LO percsnt of
full waveguide power for the 180-degree twist, and 0.51
megawatt or 37 percent of full waveguide power for the 90-

degree twist.

Iwo samples of Flexaguide, 6 and 12 inches long,
were obtained from Airtron for test purposes. The data is
presented in filgure 61, It can be seen that the slopes of
the curves of 1ln power vs 1ln pressure are both 1.7. This 1is
jdentical to the slope obtained for a similar plece of
niteflex flexible waveguide as shown in figure 59. The peak
power handling capacity at atmospheric pressure was found by

extrapolation to be 0.60 megawatt or L3 percent of full
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wavegulde power for the 12-inch piece and 0.47 megawatt or

34 percent of full waveguide power for the 6-inch section.
The data was essentielly the same as that for the Titeflex
flexible waveguide where the power handling capaclty varied
from L2 percent to 35 percent for the two units tested. This
10 percent difference 1in the two units was due essentially to
the normal manufacturing tolerances. Because Alirtron clalmed
a power handling capacity equal to that of rigid wavegulde,
representatives of that company were consulted to determine
how they obtained their results. It was explained that
Flexaguide could carry the peak power as was listed on the
standard wavegulde charts, which includes a safety factor of
four. In addition, if higher peak power handling capacitles
were desired, they could be obtained by increasing the area

of the waveguide and utilizing auxiliary matching structures.

Tests were made on a Technicraft Laboratories
flexible wavegulide assembly No. UbL-65B vertebrae in standard
1-inch x 1/2-inch x .050-inch wavegulide. The construction
features of this type of flexible waveguide are shown in
figure G of the twelfth interim report. This unit consisted
of a series of quarter-wavelength sections separated by choke-

+o-cover flange joints housed in a rubber jacket. Electricsal
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continuity was maintalned by means of the choke-to-cover
connection even though the unit was flexed. The gaps allowed

relative motion of the sections.

the results of the tests, shown in figure 53, con-
sist of a curve with two slopes, 2.0 and 1.5. The two slopes
were averaged to give a slope of 1.72 which is also shown in
figure 53. The peak power handling capacity at atmospheric
pressure was found, by extrapolation of the average slope
curve, to bte 53 percent of the full wavegulde power. Tr.e
appearance of the dual-slope curve was not too unexpected
since the construction of the vertebrae produced choke-to-
cover connection misalignments of a type that have previously

resulted in a dual-slope curve.

lhe amount and type of misalignment varied from one
quarter-wave section to the next as did the gap between them,
since the sectlons were not held together very rigidly.
Measurement of the gap indicated an average value of 022
irnch., Comparison of the data on the vertebrae section with
the data on the .OLO-inch verticel and horizontal misalign-
ment of the choke-to-cover flange connection indicated the

followling-
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for the vertebrae section - slopes of 1ln power Vs in
pressurse curve were 1597
and 1.45

power capacity at atmospheric

pressure was found to be 53
percent of wavegulde power

for the .04O-inch verti- - slopes of 1n power vs 1n

cal and horizontal mis- pressure curve were 2.30
alignment of the choke- and 1.50

to-cover flange connec-

tion power capaclity at aimos=-

pheric pressure was found
to be 75 percent of wave-
gulde power
It can be seen that the slopes compare very favorably while
the power handling capacity differed by 22 percent, The
differenc; in power handling capacity was reasonable since
the vertebrae sections have, by virtue of their construction,
gaps between mating sections.,
i, Breakdown 1ests on USL Cover-to-Cover Flanges for 1.122-
inch x 0.L97-inch Inside Diameter Waveguide
At the request of the Bureau of Ships, a flange
designed and developed by the U.S. Navy Underwater Sound
Laboratory, (USL) New London, Connecticut for use with RG-
163/U wavegulde was tested., Further information majy be

obtained from USL (part Nos. 3869L4-R and 38895-C).
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The RG-163/U wavegulde was required tc operate over
the fraquency range of 6275 mc to 8890 and carry very hkigh
power. It had internal dimenslons jdentical with RG-51/U
wavegulde (1.122 inches X 0.497 inch) but a considerably
greater wall thickness., (The ouvtside dimensicns of EG-163/U
wavegulde are 1.342 inches x C.717 ir.ch,) The use c¢f & con-
tact type flange was used in preference to a choke-tijpe joint
in the design because of the wide frequency band and the in-
herent freguency sensitivity of chokes, In addition, there
was a socket-type connection between the waveguicde and the
flange. This design reduced the maximum amount of nisalign-
ment possible within tolerances at the face between the two
flanges, &s compared with the use of two UG-Sl/U's in s
contact flange coupling since the effect of tolerances in the
wavegulde and hole were removed from this face., In addition,
the socket type connection removed the possibility that the
flange surface and waveguide were not exactly flush as might
cccur in the sctandard push-through type flange unless the

completed assembly was faced off and polished.

lo test the flange, two sectlions of RG-1463/T wave-
guide were fabricated as shown in figure 62. At one end of
the waveguide the thickness of the wavegulde was reduced so

that a typical push-through contact-iype flange could be
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+isns were assembled and the V3WR of the
arefully measured and Iow und tc be under
boin whan eligned properly and when mis-

. {n both the T and K planes., Filgurse &2

the 3tandard test circuit shown in figure
5, The results of the tsstis are shown ;i )
ting a ln power vs 1ln pressure curvs,
the plece carried considerably more power than the standard
l-inch x 1/2-inch waveguids., In addition, the siocpe of the
curve agreed very well with the square-law relaticnship of
l1-inch x 1/2-inch waveguide., These observations sugges*t that
breakdown was due to the wavegulde and not the flanges., This

observation was further strengthered when examination of the

flances showed mo signs of treakdown pittin
En jo

5
87

burning.

Thus, it was decided to determine ine power nandiing cspacivty
of the 1.122 inch x C.497 inch inside-dlameter test plece

from the data, and conmpare it to the calculated power handling
capacity scaled from the measurement of l-inch X 1/2-inch
waveguide (refer tc eqguation 42). The results calculated for
atmospheric pressure and matched lines, are:

from msasurements of 1,122-inch x C.LS7-inch inside-cdiameter
wavegulde

i = 3,2 megawatt
atmospheric pressure 3.2 megawatltis,
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From calculations based upon l-inch X 1/2-1inch waveguide

meazsuremencs:

: the experimental error of +S.L. percent as analyzed in para-
graph 7.L. There are we additicnal sources of error for
tFis test which was not taken into account in that snalysis,

Fiprst, extrapclaticn oi the power-gpressure data over approXx-

nercury will lead to significantly large errors unless the
Jy & J &

siope is very accurately datermined, In additicon, there Iis

results were computed on the basis cef & 1.3 V3uR; 1f the
CSWR was actually 1.15, the test results would be 2.35
megawaitls at atmospheric pressurs. while these arguments

are not conclusive, they ssrve to indicate that the zxperi-
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ment with the predicted
sower carrying capacliiy cf the 1.122-inch X C,L97-inch Inside
diametsr waveguide, ‘thus, it was conciuded trhat the USL

flanges &re able 1o carry th.e full power handling capacity
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of BRG-163/U wavegulde but that tne power randling capacity

)

of this size wavegulde 1s scmewlatl

-

reclsely determined

Ps -

es

[
o

than would ordinarily be expected dus to conflicting results,

(@]
o
3

PJ

Crange of Direction and Polarizaticon cf Waveguldes

An analysls was maede of the H-plane bend (ses
paragraph L.3) which ir2icated a peak-power capacity of G7
percent of wavegulde power with very little dependence on
the radius cf the bend. In order o verify thls theory, a
rurber of tends with different radius bend-angles and different
~e tniods of manufacture were issted, covering the conditions
mest likely to be encountered in radar applicaticns,. The
results of the Tests are plotted in figures 63, 6L, 6%a,
ard 55t 1n the usuzl form of 1ln-powsr VS ln-pressure curvss,
In order tc test as rmerny bends as possible, & limited amount
of data was obtained for each test piece. The slopes of the

ln-power Vs ln-pressure curve

z
O]
"3
[
o]

ot accurately destarmined,

.

Eowever, this was not & sericus han

jcap since there Was

[eN

sufficient theoretical and experimental evidence that the

slope of an H-planse bend powsr-pressure curve similar to
waveguide, follows a square law junction, A comparison of

the theoretical calculatlons with the experimentel data is
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presented in table &) aldeWmeluded 1s & physical descrip-
tion of the E-plane tends that were tested, and the slopes
of the ln-power Vvs ln-pressure curves. The power handling

caepacity of each bend relative to standard wavegulde was

(&5

compute or a power-pressure point at the center of the

[}

range of data.

The theoretical analysls precdicted that the H-plane
bend would carry ¢7 percent ocf wavegulde power, regardless

of

+ve radius, while the results triicated that the bends
carried from 87 to 124 psrcent. although the discrepancy
was somethat large, the difference between the IwO results
was probably due to experimental error &s discusssd in para-
graph 7.L. It was found that the accuracy of the breakdown
pcwer measurements btecame Very deperdent on the accuracy of
e pressure reasurensnt atl low pressure, Since the tests
on the bends were performed at pressuros petween 5 and 15
incres of mercury (absolute), it can be seen by referring tco
figure 15 that the error due Lo pressure alone could approach
LLC percent under extremely advarse condiilons. Thie theory

gnn? exzeriment were rnot in disagreement within experimental

r

accuracy. S3Since the bends havs considerably nore power
rardling capacity tnan other components irn & redar system,
no practical benefit could be galined by repeating the tests

using the more accurate manome ter as the pressure meter.
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o TARLE 9
SUMMARY OF BREAKDOWN DATA ON H-PLANE BENDS
! 1 ; Peak-power
iFor Data Capacity
Ses Fig- | Radius Meas- Thgso-
, Cescription jure (inch) | Slope| VSWR | ured retical
P -
| 1. Machined 65(a) 6.125| 2.bL | 1.03} 99% ST7%
| GC° -
Plane Bend !
| 2. Machined | €5(a) c.250| 2.2 | 1.03] 1167 97%
} SC° H- ' !
rlane Bend :
3. lachined 65(a) 0.3751 2.2 | 1.09| 12Ls 97%
Go° Ha
Flane Bend
b, ngricated 65(b) 0.6251 1.6 | 1.05| 98% 07%
| 15° E-
] I Plane bBend i
S. Fabrlcated| 65(b) c.625) 1.7 | 1.o04 | 110% S7%
90° E- t
Flane Bend
6. Fabricated| 65(b) 0.625| 1.9 | 1.07 | 9C% $1% ’
180° H-
Flane Bend
7. Fabricated | oL 1 .5 2,6 1 - 81% 7%
S0° E- - i
i Plane i
‘ 8, Fabricsted 63 0.3 2.0 = SHpA l 97%
! g0°® He-
; riane & {
{i
-
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However, in order to verify the concluslions of thnis discussion
and to estabiish the accuracy of the menome ter, onz of the
tends which appeared to carry more pcwer than wavegulde was
retested. 7The particuler H-plane bend chosen for retest was
bend No. 3 (tabls 9). It was previously found that this bend
carried 124 percent. The results cf the tests are shown 1in
figure 66, Note that ths results are nearily equal to thsat
expected; the bend carriad about 86 percent of wavegulde power,
in addition, the slope of the ln-power Vs ln-pressure curve
was found to be 1,9 which sagrees closely with the previous
contention that the bends follow the square-law relationship

betwean power and pressure.
b., Breakdown of EZ-Plane Bends

An approximate equation was cbtained for the power
(see equation 1C, para. L.L) capscity of an E-plene bend
expressed as a percentage of waveguide power. In order to
verify the validity of this result a number of E-plane bends
representing the values most 1ikely to be encountered in radar
applications were tested. The results of breakdown tests on
Z-plane bends reported in the thirteenth and nineteenth interin
reports are plotted in figures £Sc, 654, HSe, 67, 68, 6%, 70
in the usual form of 1ln power Vs ln pressure. An outline

drawing of the wavegulde switch which containa a G0-degree
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E-plane bend is shown in figure & of the thirteenth interinm
report., The results of the test are summarizecd in table 10,
In order to compare the results of the tests with the pre-
dicted values of peak-power capacity the information in tabls
10 has been plotted in figure 71 together with the theoretical

curve (eguation 10).

The correlaticn between the predicted values and
the actual wvalues are withln experimsntal error in most cases,
The other cases, in which the agreement is not so good, are
attributed to mechanical defects in the test piece and

limitations due to the approximate analysis,

Cn the basis of these tests, the universal curve
in figure 71 should prove very useful in predicting the
performance of E-plane bends, A deviation because of a non-
coaxial voltage distribution would tend to increase the
actual power capacity above the predicted value, Thus, in
applying this curve to the power-handling requirements of a
radar system, any deviation would be irn the form of an

additional safety factor,
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SUMMARY OF BREAKDOWN TESTS ON E-PLANE BENDS

Descrip-
tion

For Brealk-

down Datsa

See Figure

E-Plane
Bend
Radius,
Rl(inch)

Peak-Power

Capacity

Meas,

Theor,

3lope

Mean Cir-
curmferen-
tial Length
Divided By
Wavegulde
Wavelength

1,
Fabri-
cated
90° E-
plane
Bend

2.

Fabri-
cated
9Cc° E-
plane

Bend

| 3.
Fabri-
cated
G0° E-
plane
Bend

s
Machined
G0° L=
plane
Bend

5.
Machined
G0° E-
plane
Bend

6S(c)

65(c)

65(c)

65(4a)

65(d)

1; 501

C.784

C.519

G.125

0,250

1.08

1.05 60

75

80

6L

53

20

- — ——

1.9

1.8

1.8

1.9

1-1/2

3/L

2/3

/L

1/2
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TABLE 10

SUMMARY OF BREAKDOWN TESTS

(cont)

OM E-PLANE BENDS

CONFIDENTIAL

Descrip-

tion

For Break-
down Data
See Filgure

E-Plane
Bend
radlius,
Rl(inch)

V3

Peak-Power
Capacity

Mean Cir-
cunferen-

Divided By
Waveguilde

Meas, | Theor,

Slope

wWavelength

tial Length

&, 65(d)
Machined
(;OO o
plane
Bend

T 65(e)
Machined
L45° E-
plane
Bend

&. 65(e)
Machined
90° E-
plane
Bend

9. 65(e)
Machined
180° E-
plane
Bend

0.375 T.3) |93 L6 1.9 1. 1/2

0.625 2.7 1/3

€9

0.625

0.525 s il 1-1/2

10. 67
Have-

, guide
Switch
1-1/L x
5/8 C'D'
Wave- g
guide |

0.4%0 - L1 L6 3/4

s
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TABLE 10 (cont)

—

SUMMARY CF BREAKDOWN TESTS ON E-PLANE BEKDS

| i Mean Cir-

| cumferen-
E-Plane tial Length
- For Bresak- | Bend Feak-Fower Divided Ey
Descrip-| down Data Radius, Capaclty | Waveguids
tion See Filgure Rliinch} V3wR | Meas.| Theor,| Slope | Wavelength

'-l

1L 60 1,061 - T3 4 2.0
Fabri-
| cated
go° E-
plane
rEend

12, 6% 1.,05C - TO T2 2.0 1
Fabri-
cated
Comb.
E~- and
bl H-plane
[Eanda

-

|
13. 70 0,925 | - L | 70.5 | 2.1 1
| tl‘-?:!“ Cast | |
, | Aluminum |
| E-plane |
E Band
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ZE reckdown Tests on a 90-Degree H-Plene litered Ccrner

A O0-degree k-plane mlitered corner as shown: in
figure 72 was next tested, The results of the tTests are
plotted in the same figure., The slope of the ln-power Vs
ln-pressure curve is 2.1. 1ihis is identical to that for
standard waveguicde. ‘The peak power handling capaclity was
found bty extrapolation to be ¢l percent of full wavegulde
power at atmospherlc pressure. ihese were approximately the
seme breakdown characteristics as those obtalned for the 90-
degree H-plane rend. Ihis was expected from the similaritly
of the two components. 1Ihe value of 2.1 for the slope of
th:s power-pressure curve was expected, since once again the
type of breakdown was expected to remain the same as that

for standard wavegulde,

d. Breakdown Tests on Waveguide Twists

=

Several wavegulide twist sections were tested, The
type of twist tested (shown in flgure 73a) had a twist angle
of 90 degress. However, the angle of the twist can vary for
a particular application. Tne twist 1s made either by cast-
ing the wavegulde or by twisting a drawn wavegulde slong 1ts
control axis. All the units tested were made in the latter

manner. 1Ihe design of the twist allowed for s smooth
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transition in the plane cof the E-field while the cross-
sectionsl dimensions in any plane cf the waveguide, wers the
same &s those of a straight wevegulde. Because of this, the

V3wR's of the twists were under 1,1 in all cases.

he data on the waveguide twist sections are shown
in figures 73a and T73kb. The results for the twists, cbtalned

by extrepolation o atrmospheric pressure, are given in table

11.
TABLE 11

WAVEGUIDE TWIST DATA

Pcwer Handling Percent wWavegulde
Description  Capacity {megawatts)  Power Capacity Slcpe
9g° - 7-5/8" 1.08 764 1.8
50° - 3-1/0" 1.15 §3% 2.9
9ce - 2" 1.25 Gk .5
L5° - 2" 1.1) gc® L8
g¢e - 2-1/2" 0.75 SL 14T

A1l of the twists, except one, carried rmcre than
g0 percent of waveguide power. 1lhe exception was an indica-
tion of the reduction in power handling capacity that can be

gxpected for a distorted test plece.

\
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10.3 wWeveguide Couplers and Tee Junctions
a., Breakdown Tests of a Two-Hole Coupler

A Microline Model 136, 20 ¢b directional coupler
shown in figure 7L was selected for test, This unit employs
two round hol:s in the cormmon narrow wall petween two parallel

1-inch x 1/2-inch weveguides.

The circuit used to measurs? the breakdown power of
che two-hole coupler was similar to that shown in figure 5,
except that an additional pressure window was placed between

the test pisce and the load. A plot of the data is shown in

figure 7L.

The two-hole coupler carried about 6 percent less
power than the standard l-inch x 1/2-inch waveguide., This
difference was so small that it could be partially due to
experimental error and partially due to the variation between
two pleces of waveguide., In any cease, it was apparent that
the presence of the two roles had only a sllght effect upon

the power carrying capacity of the wavegulde,
b. Breakdown Tests of Crossed-Guide Coupler

The next unitc tested was a laboratory model crossed-

guide directional coupler, similar to 3Sperry Microline Hodel

186 CONFIDENTIAL




CONFIDENTIAL

234 directional coupler. This pilece had two long, narrow
siots in tha cormmon broad wall between two crossed waveguldes,
The coupling oetween the two waveguides was 31 db., A sketch
of the coupler layout is shown in figure 7 of the eighth

interim report.

A plot of the data for the coupler oriented witn
the slots transverse to the primary wavegulide 1s shown in
fizure 75. ‘lhe power handling capacity of this coupler was
considerably lsss than that of the standard waveguilde,
Extrapolation to atmospheric pressure indicated a peak-power
randling capacity of 260 kw or 21 percent of waveguide power
capacity. In addition, the slope of the curve was 1l.49 as

~ompared to the value of 2.0 for the standard waveguide.

Before cormenting on thesse results, the data
obtained with the slots oriented parallel to the primary
waveguide will be considered. A plot of this data is ‘shown
in figure 76. Here again the data 1s linear and the slope
is 1.37. An extrapolation to atmospheric pressurs indicated
a power handling capacity of 31C kw or 22 percent of wave-
guide power capacity. A comparison of figures 75 and 76 shows
the two curves representing the different orientations ars

nearly parallel. 7The coupler can cariy about 10 percent nors
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power with the slots parallel to the primery waveguide. This
weas not unexpected, since the current transverse to tihe slot
is less when the slot 1s parallel to the axls of the primary

wavegulde,
¢c. Breakdown Tests of Schwinger Coupler

A Schwinger coupler, tested to determine 1ts power
handling capacity, was a laboratory model in 1-1/4 inch z
5/8 inch waveguide. The Schwinger coupler features two
parallel waveguldes with the board wall of one in contact
with the narrow wall of the other. This arrangement and the
pertinent dimensions are shown in figure 10 of the eighth
interim report, Coupling 1s obtained using two long, narrow
slots in the cormon wall, cut parallel to the axes of the

waveguldes.

A piot of the data for the coupler oriented with
the slots in the broad wall of the primary wavegulide is shown
in figure 77. It can be seen that the slope 1s essentially
constant at a value of 1.42, and an extrapolation to atmos-
pneric pressure indicated a peak-power handling capaclity of
430 kw or 21 percent of standard wavegulde power. The power
hrandling capacity of this size waveguide under these con-

ditions was calculated from equation L1 to be 2.1 megawatts.
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Also plotted on the same graph is a theoretical curve for

the breakdcwn power of a 1-1/l inch x 5/8 inch wavegulde.
This curve was obtained by extrapolating the data for a

1 inch x 1/2 inch wavegulde cn the basis of the ratlo between

waveguide wavelength and internal dimensions.

A plot of the data for the coupler oriented with
the slots in the narrow wall of the primary waveguide 1s
shown in figure 78. This curve has a constant slope of 2.05
over most of the range. This 1s very nearly the same as that
of the standard waveguide, Extrapolation of the data to
atmospheric pressure indicated a peak power handling capacity

of 1.2 megawatts or 57 percent of waveguide power capacity.

d. Breakdown Tests on a Branch-Guilde Coupler

”

A branch-guide coupler was chosen as the next unit
in the series of breakdown tests of directional couplers.

The particular model used was a laboratory model having l-inch
v 1/2-inch x ,050-inch waveguide and having a coupling of 13
db. A sketch of the coupler showing the significant slec-
trical dimensions is given in figure 1 of the ninth interim

report,

A plot of the data 1s given in figure 79. The
data indicated a power handling capacity of L0O kw at
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atmospheric pressure or 29 percent of standard wavegulde
power handling capacity. It is seen that the ln-power Vs
1n pressure curve is linear and has a siope of 1.7. This
behavior is differsnt from couplers employing slots in the
broad or narrow wall. Since the branch-guide structure 1s
similar to a set of E-plane junctions, the behavior of E-

plane tee-junctions will be considered before this data 1s

analyczed.
e. Breakdown Tests of E-Plane Tee

4n E-plane tee composed of 1 inch x 1/2 inch wave-
guide was the next component tested for breakdown., A sketch
of tre unit employed, Sperry Microline Model 165A, 1s shown
in figure L of the ninth interim report. The broad wall of

the wavegulde has an opening to provide for the E-plane arm

of the tee.

In operation, the tee is analogous to a serles
circuit. The power splits between the E arm and the slde arm
in proportion to the lmpeaances of the two arms, neglecting
the junction reactance. For the unit tested the 1lmpedances

were equal, and so the power division was approximately

equal.
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Power is applied to one slde arm while the other arms are
terminated in matched 1impedances. A plot of the data cbtailned
is given in figure §0. Although the curve was linear, con-
siderable difficulty was encountered in obtaining the data
because breakdown occurred at a value much below the power
handling capacity of the waveguide, This means that the
jncreased voltage due to the power reflected from the spark
was not sufficient to cause the pressure window to bresak
down., Thus, the data represents a true probabillity run which
required care and time for both test and analysis in order to
determine the true breakdown point., The method used 1s
described in the seventh interim report, The intercept of
zero probability on a plot of breakdown probability vs power
was determined. The almost perfect linearity of the curve

in figure 80 justified this approach.

The data for the E-plane tee indicated a power
handling capacity of 85 kxw or 6 percent of wiavegulide power
carrying capaclty at atmospherlc pressure. The curve for
preakdown of the branch-guide coupler shown in figure 79 1s
seen to be midway between those for standard wavegulde and
for the E-plane tee. This 1s reasonable since the branch-
gulde structure 1s basically a combination of two E-pleane
junctions, each of which represents a smaller discontinulty

than the E-plane tee.
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f. Breakdown Tests of H-Plane Tee

An H-plane tee fabricated from l-inch x 1/2-inch
waveguide was the next component tested for breakdown. A
sketch of the unit, Sperry Microline Model 166A, 1s shown in
figure 6 of the ninth interim report. The narrow wall of the
wavegulde had an opening to provide for the H-~plane arm of
the tee, thereby introducing a discontinuity. There were no

other discontinuities in the wavegulde.

In operation, this tee 1s analogous to a shunt
circuit. The power division between the H arm and the side
arm is inversely proportional to the two impcdances, neglecting
the junctlon reactance, For the unit tested the impedances

were equal, so that there was an equal power division.

The circuit used in the breakdown tests is given in
figure 5. Power was applied on one side arm, with the cther
arms terminated in matched impedances. A plot of the data 1s
given in figure 81, Note that the power handling capacity
was close to that of standard l-inch x 1/2-inch waveguide
and that the slope of the ln-power Vs ln-pressure curve is
very nearly 2. The data indicated that the shunt tee could
carry 60 percent of the waveguide power. Extrapolated to
atmospheric pressure, this means that the tee 1s capable of

transmitting one megawatt,
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g. Breakdown Tests of Magic Tee

4 magic tee composed of 1l-inch x 1/2-inch wave-
gulde was tested for breakdown. A sketch of the unit employed,
Sperry Microline Model L06, 1s shown in figure 8 of the
ninth interim report. A matching structure was introduced
at the center of the junction serving to reduce the wavegulde
inner dimensions as well as to distort the electromagnetic
field pattern., Otherwise the magic tee was a combination of

the E- and H-plane tees.

In operation this tee 1s analogous to a serles
branch and a shunt branch located at the same point on the
l1ire. For the case of the matched tee, the power applied to
either side arm is evenly divided between the E and H arms,
with no power reaching the other side arm. In addition,
power applied to either the E cr H arms is evenly divided
between the two side arms with no power reaching the opposite
arri. The unit tested was matched so that these conditions

were obtained.

Power was applied to one side arm, with the other
arms terminated in matched impedances, The data plotted in
figure 82 indicates a power handling capacity similar to that

of the E-plane tee., This 1is reasonable, inasmuch as the
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constructicn of this tee was similar to a combination of the
E- and H-plane tees. Since the E-plane tee carries consid-
erably less power than the H-plane tee, one would expect a
combination of the two to behave like the E-plane tee, Extra-
polation of the data to atmospherlic pressure indicated that
the magic tee breakdown occurred at 110-kw peak power, which
is abcut eight percent of the waveguide power carrying

capaclty.
h. Breakdown Test on an E-Plane Hybrid Ring

4 l-inch x 1/2-inch x .050-inch E-plane hybrid
ring, is shown in figure 14 of the twelfth interim report,
was tested, The operation of the hybrid ring 1is similar to
that of a magic tee. From the data plotted in figure 83,
the slope of the ln-power vs ln-pressure curve is 1.6. By
extrapolation, the peak power hardling capacity at atmospherilc
pressure was found to be 0.25 megawatt or 19 percent of the

full waveguide power carrying capacity.

Since the hybrid ring used for the tests was
essentially a set of E-plane tees, a comparison with the
results for the E-plane tee, which carried 7 percent of wave-
guide power, 1is pertinent, The difference in the VSWR between

the two units accounted for the 12 percent difference in peak-

power handling capacity.
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10.4 Waveguide Rotary Joints

a. Breaxdown Tests on a Rectanguliar=-to-Circular Waveguide
Rotary Joint
The test plece was a TMOl mode rectangular-to-
circular wavegulde rotary Jjoint. Figure 19 and 20 of the
twelf th interim report shows a sketch of the pertinent
dimensions of the joint and a curve of VSWR vs frequency.

At the test frequency, the VSWR was 1.09.

the joint consisted of two individual half sections,

each containing a rectangular-to-circular wavegulde transition

TElo to TMOl). Each half section also contained a filter
ring and absorbing slots to eliminate any IEll mode which
might be generated by the transition. The qul wave had to
be eliminated because it was capable of propagating 1in the
circular wavegulde and impairing the performance of the
joint, Due to the addition of the filter ring, an inductive
iris had to be added to provide a match at the transition
and thereby keep the VSWR relatively low. Because of the
geometry of the rotary joint, the use of the photocell to
indicate breakdown was greatly 1imited and much time and

care had to be used in obtaining the data. Each point had

to be checked several times to make sure of its relliability.
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As shown in figurs 84, a plot of the data obtained, an en-
tirely different typs of phenomena was observed., On plotting
the ln-power vs ln-pressure relationship, two distinct con-
stant-slope curves resulted. Each curve had the same slope,
which is essentially that of standard wavegulde, but the
curves were dlsplaced from one another. Since these points
cannot be averaged to give a single ¢.rve, as done previously,
the performance at atmospheric pressure was obtained by ex-
tending the upper, or high-power, portion of the data., Thus,
the peak power handling capaclity at atmospheric pressure was

found to be 1l percent of the full waveguide power or 0.193

megawatt,

b, Breakdown Tests on a Ridge-Wavegulde Coaxial-Line
Rotary Joint

A 1-1/4-1inch x 5/8-inch x .06L-inch ridge-waveguide
coaxial-line rotary joint (see figure 2 of the fifteenth
interim report) was tested to obtain some comparative data on
rotary joints, Baslcally, the joint consisted of a taper
from rectangular to ridge waveguide and a doorknob transition
from the ridge to the coaxial line. Because this joint used
ridge wavegulde, 1t had an inherent bandwidth of the order of

15 percent, with a V3WR of less than 1,1 over the band,
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The data are plotted in figure 85 in the form of a
curve of ln-power va 1ln-pressure. The slope of thls curve
was 2.0, which is essentlally the same as that for standard
waveguids. The peak power handling capacity at atmospheric
pressure was 15 percent of full wavegulde power. The pover
handling capacity of 1-1/4-inch x 5/8-inch x ,064-inch wave-
guide, computed by using standard scaling techniques for the
frequency, cross-sectional area, and pulse width was found

to be 2.5 megawatts., {(See paragraph be7e)

The peak power handling capacity of the ridge wave-
guide used was determined to be approximately 39 percent of
the peak power handling capaclty of rectangular wavegulde by
using the eguations derived in paragraph h.6. Since the
rotary joint carried only 15 percent of wavegulde power, or
380-kw peak power, the ridge-wavegulde portion did not cause
the breakdown. A calculation of the power carrying capacity
of the coaxial portion of the rotary joint showed 1t to be
approximately 490 kw. Since this was not much greater than
the breaxdown power of the jolnt, some consideration was
given to the fact that a standing wave may have existed in
the coaxial region between the two doorknobs, even though
the input V3WR to the rotary Jjolnt was less than 1.,1. This
was possible because the tests were conducted at the high-

frequency end of the bandwidth and the two doorknob sections

197 CONFIDENTIAL




CONFIDENTIAL

of the joint may have been so spaced as to cause & slight
mismatch in the coaxial line. If a VSWR of 1.25 did exist
in the coaxial region, the breakdown power of this region
would be reduced to 380 kw which was the measured power.
Thus, it is qulte possible that breakdown occurred in the
coaxial-line section. On the other hand, it 1s also possible
that breakdown occurred in the region of the doorknob since
this was a region of increased field gradlents and is often

the weak 1link in a rotary joint.

¢. Breakdown Tests on a Dual-Feed Coaxial-Line Rotary
Joint
A dual-feed coaxial-line rotary Jjoint for 1-1/L-inch

x 5/8-inch x .064-inch waveguide was tested. It was designed
for operation over a 20-percent bandwidth with a VSWR leses
than 1.15. The joint was composed of several basic structures.
At the inputs of the joint, the main wavegulde was divided
into a pair of reduced-height waveguldes by a septated serles
junction., The septated wavegulde sections contained a pair
of double quarter-wave step transformers for matching the
coaxial-line and waveguide lmpedances, A pair of reduced-
height waveguldes were used in parallel to feed opposite sldes
of the coaxial line. The transition from the coaxlial to the

wavegulde mode was accomplished by a cone-shaped doorknob
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trensition, and in addition there was a non-contact choke
joint for the 1inner and outer conductors of the coaxial line.
The referenceszs'99 contain pictures and a detailed account
of the electrical structure of the joint. The data shown in
figure 86 is a ln-power VS ln-pressure curve. The slope of
the curve is 1.8 which 1is approximately the same as that for
waveguide. The peak power handling capacity at atmospheric
pressure was found to be 17 percent of full wavegulde power
or 0.42 megawatt, From a consideration of the basic struc~
tures of the joint 1t appears that breakdown occurred in the

coaxial 1line or the transition.
10.5 Miscellaneous Components

a. Breakdown Tests on Sections Containing Hemispherical
Bumps
The hemispherical tump section was suggested by

Wheeler Laboratories(zo) for the purpose of standardizing the
breakdown tests made in various laboratories throughout the
country. Wheeler Laboratories claim that the bump section will
breakdown at one-ninth of standard waveguide power and that the
dimension of the hemisphere is not critical. The hemispherical
pump or spark gap was tested to investigate the effect of the

pump radius on breakdown and the linearity of the power-
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pressure relationship over a different and larger range of

pressures than was previously encountered.

“ye test plece was a standard 1-inch x 1/2-inch x

-

.0%0-4inch waveguide with the hemispherical bumps inserted as

shown in figure 87. Tre results of the tests on a .050-1inck,

e 0.100-inch and a C.150-inch burmp are shown in figure 87.

+ can be seen that the slopes of the +hree curves are essen-
ti{ally constant at approximately 1.7 and the power carrying
ability decreased as the bump radlius was increased, B3Y

sxtrapolation to atmcspheric pressure, the results for the

pbumps are as follows:

Power Carrying Capacity Waveguide Power

Bump Radius

.050 inch 0,20 MW 1L.L4%
0.100 inch 0,186 MW 13%
0,150 inch 0,135 MW 9,7%

ihus, tre informatlcn reported by wheeler Laboratories, that

a section contalning a 0.100-inch radius bump will carry omne-

ninth or 11 percent of the full wavegulde power, has been

reasonably verified.

wheeier Laboratories' statement that this type of
bump section would make an excellent spark gap to use as &

standard for comparing data taken by various individuals
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throughout the countiry, seems plausible. 4s they reported,
the spark-gap brezkdown is at a comparatively low power level.
It is easily matched and small veriations in the dimensions

of the bump 4o nct have a pronounced effect upon the peak

power carrying capacity of the unit,
b. Breakdown lests on a Wavegulde Switch

Tests were performed on the mechanically rotated
waveguids switch shown in figure 12 of the twelfth interim
report, As shown in the drawing, the switch consisted of a
rotor and contained a 9C-degree E-plane bend which was
separated from the stator by a nominal ,003-1inch gap. A set
of choke slots were machined into the stator to increase the
peak power carrying capacity of decrezsing the effect of the
gap. The switch ussd stendard 1-1/L-inch x 5/8-1inch x . 06L-
inch wavegulde. The temperature of the switch was helid con-
stant and independent of the load temperature because trial
runs indicated that switch heating affected results. This
effect was probably caused by changes in the width of the
gap between the stator and rotor resulting from unequal heat-
ing of the two parts. 1ihe data 1s plotted 1in figure 67 as a
ln-power Vs ln-pressure curve., The slope of the curve is
1.53 and the peak power handling cepacity was found Ly extra-

pciatlon to be 1.05 megawatts or L2 percent of full waveguide
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power at atmospherlc preasure. By examining the construction
of the wavegulde switch and teking into account the dis-
cussion of the effect of gaps in paragraph 10.1, the break-

dovmn of the switch was attributed tc the Z-plane bend.
¢c. Breakdown lests on an Antennsa Assenbly

The antenna assembly shown 1n figure 22 of ths
twalfth interim report was selectzd for breakdown power tests.,
Basically the unit corisisted of a wavegulde section twisted
90 degrees, a matching screw and iris, and a transition from
rectangular-to-circular waveguide. A solid Teflen cylinder
was mounted in the circular waveguide to enable the wavegulde
to be pressurized and also to protect the waveguide from the
elements., The antenna 1tself consisted of a perabollic re-
flector, to ensure 2 good match at the input to the antenna
assembly (since this was Low the antenna assembly was crigi-
naily matched). The V3WR at the test {regquency (9375 mc) was

Eo 205

4 ln-power vs ln-pressurs curve was nct plotued for
this component since the unit could not be evacuated because
it was an experimzntal modsl and had several air holes in the
solder joints. liere agein the point of onset strass was

aifficult to obtain for the geometry cf the unit made 1t
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gifficult to detect preakdown with the photocell. The test

aata indicated that the antenna assembly would carry 0,224

megawatt at atmospheric pressure or 16 percent of standard

waveguids power carrying capacity.

The construction of the antlenna assembly (figure

22 of the twelfth interim report) indicated that the weakest
concerned,

goint, insofar as peak power carrying capaclty is

was the matching screw. Comparing the data on the screwv,

(inserted .060 inch into the waveguide) with that for a .0S5C-

inch bump radius the following was obtained:

1/L4-4C screw inserted the power carrying capaclity
was O.224 megawatt at

.060 inch
atmospheric pressure
.050-1inch radlus Lad a power carrying capacity
nermisphere of 0.20 megawatt at atmos-
preric pressure

is seen that the data comparss favorably.

T -
4 W

&:  Dreakdown-Iests cn a Longi tudinal Serrated Choke

Since 1t was necessary to use a longitudinal choke

n the construction of certain microwave components {such as

[ 2

Transvar rotational joints and Foster-Scanner phase shifters),
surements were made on a serrated longitudinal checke.

W
220 -

Figure 24 of the twelfth interim report is a sketch of the

unit tested together with the dimensional variations used.
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A ln-power VS ln-pressure reiationship was not
plotted because the test unlt could not be pressurized.
Therefore, the tests were performed at atrmospheric pressure.
The data showed that the serrated choks test unit had a
power handling ability greater than 0.230 megawatt which
renained unchanged for all the dimenaional varistions listed

in figure 2L of the twelfth interim report,

e, Breakdown Tests on 2 Coaxial-Line—to-Waveguide Adapter

The next unit tested was a l-inch x 1/2-inch x .05C-
inch coaxizl-line to wavegulide adapter (figure 5 of the
fif teenth interim report), The diameter of the ball probe,
its position with respect to the bottom wall of the waveguide,
end the spacing of the shorting plate with respect to the
centerline of the coaxial liine determined the VSWR and the
bandwiisin of the unit. The three dimensions shown in the
figure are those which nhave been found to give optirmum tand-
width anéd V3WR. 1he V3WR of this adapter; whern terminated

with the load used during the test was 1.15.

The test circuit used to measure breakdown was
basicelly the same as that used in previous tests and 1s
shown in figure 5. The one aifference in the circult for
this test was that the dummy load was in the coaxial line

and was not jsolated from the test plece because of the
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difficulty involved 1in designing a coaxial pressure window.
Lowever, the peak power rating of the RG-18/U cable was
sufficiently high to insure that breakdown did not occur in
this unit. It is interesting vo note that because the
adapter carried very 1ittle power & general preakdown did
not occur. Instead, the arc-ovVer wWas intermittent and a
statistical approach has been used tc determine the point of

onset stress or zero probablility of breakdown.

The data are plotted in figure 89 in the form of a
curve of ln-power V3 1n-pressure whose slope 1is 1.5. The
power carrying capaclity at atmcspheric pressure was 4.3 per-

cent of full waveguide power.

The catsa obtained on ths coaxial-line to waveguide
adapIer indicated a peak power carrying capacity of £C kw at
atmospheric pressure. The peak power carrying capacity of
the coaxisal section of the adapter, calculated by using the
standard equation for ccaxial lines, was found to be 160 kw.
The RG-18/U cable used for the termination had a peak power
carrying capacity of at least LS50 kw. Measurements wWere
made on the y3WR., 1They indicated that the maxirmunm reduction
in power carrying capacity of the coaxial portion of the

adapter or of the cable due tC the V3WR was approximateiy

205 CONFIDENTIAL

T R e G R




——

CONFIDENTIAL

25 percent. Thus, it is veasonable to assume that the break-
down occurrsd because of the presence of the ball probe in

the wavsgulde.
f. Breakdown Tests of High-Power Loads

The high-power dumny load, tested was a Sperry
Microline product (lodel 4,0C), having a 1-inch x 1/2-1nch
waveguide load. This employed & 1ossY-wallcomposed of a
mixture of carbon and cement to absorb the microwave energy.
The currents which normally flow in the walls cause a heat

loss in the carbon and the incident power is thus dissipated.

As shown in figure 88, the inner dimensions of the
wavegulde wers essentially unaltered in the high-power region
of the load. There was & slight disturobance of the cross-
section because the porous nature of the lossy material
resulted in a non-uniform wall surface. However, breakdown
still occurred in 2 section which did not differ significantly
from the 0.900-inch x 0.400-1inchk inner dimension (I.D.) of

the normal wavegulde.

The test circuilt was as shown in figure S except
that the dummy load was now the test plece. The data was
plotted (figure 90). The slope of the curve varied between

e value of 2.0 at pressures of the order of 1/5 atmosphere
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and 1.0 in the reglon of 1/2 atmosphere. This result differed
considerably from the earlier constant slope curves obtalned
using a steadard waveguide as the test plece. In those tests
the slope was essentially constant at a value of 2.0 for the
same pressure range. Before discussing the reason for this

aifference, the results of additional tests on high-power

1cads will bu reported.

a 1-1/L-inch x 5/8-inch waveguide durmy lcad,
Sperry Microline Model 242, was tested. This unit 1s the
same as the Model LOO except chat the wavegulide size 1s
larger. The test circuit was the same as above except that
a tapered section was introduced between the load and the
evacuating adapter. Iests were rmade using photographlc
paper to establish conclusively that breakdown occurred at

+he load rather than the taper.

The initial breakdown power VS pressure data for
the 1-1/L-inch x 5/8-inch dummy 10ad was very erratic, How-
ever, by metlculous care and great attentlon to experimesntal

technique consistent data was finally obtained, The results

are shown in figure 91.

A comparison of flgures 90 and 91 shows that at
the higher values of pressure the power handiing capacity of

the 1-1/L-inch x 5/8-inch load was the same as for the 1l-inch
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x 1/2-inch load., 1In addition, tke slope of the two curves
was ossentially the same so that an extrapolation to higher
values of pressure would indicate the same powsr handling
capacity for both loads. In particular, an extrapolation to
atmospheric pressure indicated that the loads would carvy 347
kw at 2 pulse width of 2.35 microseconds and a repetition
rate of LO0OO pulses per second or the value for the l-linch x
1/2-inch waveguide under these conditions was 1.1 megawatt,
This indicated that the load could carry 31 percent of the

full waveguide power under these conditions of operation.

A 1-1/L-inch x 5/8-inch x .C6L-inch waveguide
durmy load was tested to provide more information on existing
dummy loads., a load of a new design was utilized (figure 92). !
Basically, it consisted of several slots milled into the two
broad walls of the wavegulde and filled with a lossy rmaterial.
The milled slots were tapered to improve the match, and a
VSWR under 1.1 over a 12 percent frequency range was achieved.
It was found that the performance was a function of the tem-
perature of the load; therefore, cdata was taken for both
cooled and uncooled conditions., The data on the uncooled
load was taken in conjunction with a wavegulide switch. How-
ever, since other tests on the switch alone had indicated

that 1t would carry twice as much power as the load, it has
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been reasoned that the load must have been the unit that
caused the breekdcwn, A curve of ln-power vs ln-pressure
(figure 92) shows that the curve for the cooled load had a
slope of 2.0, which is essentially the same as that for
standard waveguide, while the uncooled load had a slope of
1.4. The power handling capacity at atmospkeric pressure

was found by extrapolation to be 50 percent of full wavegulde
power for the cooled dwmy load and 23 percent of waveguide
power for the uncooled load. 4as before, the power capacity
of standard 1-1/L-inch x 5/8-inch x .064-inch waveguide was

scaled from the X-band data and found to be 2.5 megawatts.,

Some comnents are now in order regarding the shape
of the 1n power vs 1ln pressure curves for the high-power
loads. 4as previously noted, the slope of these curves fell
off from a value of 2 to a value of 1 as ths power was in-
creased. This probably occurred because the temperature of
the air within the load was raised by the heat developed in
the lossy material. Since the pressure within the load was
kept constant by the evacuation system, this means that the
gas density was reduced. This reduction lowered the power
handling capacity by increasing the mean-free path of the
electron, an effect similar to that caused bty a reduction of
pressure. One would expect this effect to be more pronounced
at the higher power levels where more heat is generated., The
curves show this to be true.
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was originally obtained with the 1-1/L4-inch x 5/8-inch 1load.

analysis also explains the erratic data which

In the initial tests, breakdown occurred under transient
conditions before the temperature and pressure were stabilized.
“he later, and more consistent, tests involved a more Feins-
taking approach so that there was sufficient time for equil-

librium to be obtained.
g. Breakdown iests on a Waveguide Step Transformer

A 1-1/l-inch x 5/8-inch-to-1-inch x 1/2-inch wave-
gulde step transformer (figure 93) was tested to provide
information on step discontinuties in wavegulde, The trans-

1§ former consisted of a set of four steps, spaced a quarter
wavelength apart. This transformed the 1-i/l4-inch x 5/8-inch
wavegulds cross scction to a l-inch x 1/2-inch waveguide
cross section. oince each step presented only a small dis-
continuity and since the steps were spaced so that the
rnultiple reflections cancelled each other, the transformer
had a VSWR under 1.05 over the frequency range from 8L00 mc

to 11,000 mc.

IThe data was plotted (figure 93) and the curve of
ln-power vs ln-pressure had a slope of 2.1, which 1s the same

as for standard waveguide. The peak power handling capacity
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at atmospheric pressure, referred to l-inch x 1/2-inch wave-
guide, was 1.15 megawatts or 83 percent of full waveguide
power,
h, Breakdown and Higk Power Performance Tests on an
Absorption-Type Ferrite Isolator

An absorption-type ferrite isolator used in the
ouilding-block phase of tre contract to isolate the magnetron
from large mismatches was tested to evaluate its perfor ance.
lhe isolator is & device thsat transmits energy from a generator
to 2 lcad with little attenuation and attenuates rapidly the
energy reflected from the load towards the generator., Thus,
large mismatches on the load side of the isolator do not
affect the operation of ‘the generator, The particuler unit
tested was the Litton Industries Model X20L for l-inch x 1/2-
inch waveguide as shown in figure 94, 1This model utilizes a
transverse permanent magnetic field that is applied to a
ferrite strip cemented to the waveguide wall; it operates on
the basis of the resonant absorption principle of ferrite
materials at microwave frequencies., The low power VSWR of
the unit at $375 mc was 1.10 in btoth the forward and reverse
directions and high-power isolation measurements indicated
that the unit would provide more than 17 db isolation at all

power levels,
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The breakdown data are plotted as a ln-power Vs
ln-pressure curve (figure 94). DNote that the slope of the
breakdown powsr vs pressure curve varied from a value of 1.4
at pressures of the order of 1/3 atmosphere (1n pressure =
2.3) to 0.4 in the region of 1 atmosphere (1n pressure =
3.4). 1his result differs considerably from the constant
slope curves obtained for most of the componerits tested pre-
vicusly. Gthe changé in the slope of the power-pressure curve
was attributed to the temperature rise in the component at
high-power levels similar to the effect noted for the dummy
loads (ses paragraph 1C.,5f). Refer to sixteenth and seven-
teenth interim reperts. Lthe data indicates that the isolator
carried 170 kilowatts (peak power) at atmospheric pressure
for a pulse width of 1.2 microseconds and a repetition rate
of 800 pulses per second, or 12 percent of full waveguide

power,

Since this was not sufficient, a large (1-1/4-inch
x 5/6-inch ) X-band isolator was used for increased power

handling capacity.

The unit tested is (see figure 95) a product of the
Cascade Research Corporation and is designated as Uniline
Model HL86-96, It is similar in design and operates on the

same principle as the Litton Industries Model X20L unit.
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ihe manufscturer claims that 1t can carry more power because
of the larger wavegulde size. At a frequency of 9375 mc, the
VSWR of the 1LL86-96 unit was measured and found to be 1,03 in
the forward diresction and 1,09 in the reverse direction,

From information reported by the manuf acturer, the forward
attenuation is 0.5 db and the reverse attenuation 1s more

than 9 db.

The data, shown plotted in figure 95, is a ln-power
vs ln-pressure curve whose slope varies from a value of 2.1
at pressures in the order of 1/4 atmosphere (in pressure =
2.0) to 1 in the region of L/10 atmosphere (in pressure = 2.5).
A sinilar variation in slope was observed in the tests on the
Litton Industries Model X2OL isolator (see figure 9L). The
slopes of the curves for bo+h components differ considerably
from the constant-slope curves obtained for most components
tested. 1he dotted line in filgure 95 represents a reasonable
extrapolation of the data (under the circumstances) to atmos-
pheric pressure and indicates that the HL86-96 1solator is
capable of carrying 310 kw or 12 percent of waveguide power

for a l.2-microsecond pulse width and an 800-pulse-per-

second repetition rate.
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10.6 Comparison of Data Taken in X-, C-, S-, and Large
S-Band Components

In order to meet the specifications of C- and S5-
vand radar systems, high-power breakdown measurements were
made on several components in these waveguide sizes. This
system testing was done under other contracts. However,
since the information obtained from these tests presented an
opportunity to check some of the data obtained under this
contract and, also, since it helped to justify the use of
scaling techniques, the data obtained in the four waveguilde

sizes are compared in this report.

Basically, the same test circuit and measurement
techniques employed in X band were also used for the C- and
the S-band tests (figure 11 of the fifteenth interim report).
The C-band circuit consisted of a power source to supply the
pulsed r-f power, a set of pressure windows to enable the
pressure in the test saction to be varied independently of
the rest of the system, a viewlng bend, a photocell and
electronic counter to detect breakdown, and a water load and
thermocouple to measure power. The S-band circuit was the
same except that a directional coupler and power bridge
calibrated agalnst a water load was used to measure the power.

The r-f power level was varied at the source since tests
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indicated only a minor deterioration of the pulse width and
shape as the power level was varied. 3ince the equipment
and test conditions were not as refined as the X-band tests,
the probatle error in the tests was estimated to be 15

percent,

Radioactive cobalt was used in all tests to reduce
the waiting time and improve the accuracy. The test data
were taken by keeping the power constant and varying the
pressure until breakdown occurred, This information was
plotted as ln-power Vs in-pressure, and in all cases a
straight line resulted. This indicated that the power-
pressure relationship is a power function, which checks with
the X-band information and provides & firm basis for the

interpretation of the data.

In table 12, the data on the components are com-
pared on the basis of both percentage of full waveguide power
at atmospheric pressure and the slope of the curve of 1n-
power Vs ln-pressure. The slope of the power-pressure curve
is given in table 12 since it presents a means of double-
checking the data. An analysis of the me thod used to scale
the power carrying capacity of waveguide is presented in para-
graph L.7. A discussion of the assumptions used in determin-
ing the pulse-width and repetition-rate scale factors is given

in the fifteenth interim report.
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COMPARISON OF BREAKDOWN DATA IN VARICUS FREQUENCY BANDS

X BAND C BAND S BAND LARGE S BAND
Component {{1" x %" %[ (g i FeT Y 3T 1-%" (3.560" x 1.860"
.050") LoeLy") x ,080") x ,080")
Docrknob 15 percent | 6 percent 6 percent of
type of swpit of swpi sSwpit
coaxial- 2.0 slope 1.6 slope 1.7 slope
line (ridge (rectangu- (rectangular
rotary waveguide ) | lar wave- waveguide)
joint guide)
Vertabrae |54 percent 18 percent {20 percent
type of swpit of swpst of swpit
flexible dual-slope | 1.1 slope 1.3 slope
wavegulide |curve
resulted
in aver-
age slope
of 1.0
(twelfth
interim
rpt.)
E-Plane- 19 percent | 17 percent
junction of swpir of swpit
hybrid 1.6 slope 1.8 slope
ring (twelfth
interim
rpt.)
Moreno (31 ab) (Lo 4db)
type 25 percent | 23 percent
direc- of swpit of swpi
tionel 1.4 slope 1.6 slope
coupler (eighth
interim
I‘pt-)
Dielectric 12 percent 1L percent
type phase of swpit of swpit
shif ter no curve 1.6 slope
obtained

;:3tandard waveguide power
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The information in table 12 represents a practical
engineering ccmparison and should not be considered as a
controlled laboratory experiment, When viewed in this light
the information is most encouraging. A detailed analysis of
the corresponding compconents in the various size waveguides

is given in the fifteenth interim report,
11. BUILDING BLOCK INVESTIGATICN
11.1 Introduction

the investigation of the breakdown of the micro-
wave components reported in the previous section has suggested
an interesting fact., Components of widely varylng functions
but with similarities in physical structures showed close
agreement in their high-power breakdown behavior. This fact
suggested that an investigation of the basic microwave
structures from which components are sytheslzed might be
useful to microwave englneers for optimizing the high-power
performance of existing components and designing new com-
ponents. The data on several basic microwave structures

will now be presented.

‘he same test techniques used in the components
test were again utilized. The test circuit is shown in

figure 5. It is basically the same as that used for most of
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the previocus component testing except that the HL86-96 ferrite
jsolator was inserted in the pressurized portion of the cir-
cuit in order to isolate the magnetron from excessive mis-

matches developed by the test plece.
11.2 Breakdown Data on Wavegulde Iris
a. General

ihe first structure investigated was the wavegulde
jris. 1his structure is often used on waveguide transmission

l1ines for matching purposes.

The effect of an iris in wavegulde has been discussed
by several authors” in terms of an eguivalent circuit con-
sisting of lumped constant parameters, If the iris is thin,
the equivalent circuit will consist of a susceptance shunted
across the waveguide at the point of the discontinuity., The
magnitude of the susceptance will change with frequency, so
that the analysis will be rigorously correct for a single
frequency, or approximately correct for a small frequency

band,

The iris plate is usually placed perpendicular to
the axis of the waveguide. If the edges of the iris opening

are parallel to the electric £fi21d of the dominant mode, the
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equivalent circuit 1s an inductive reactance shunted across
the waveguide. If the edges are perpendicular, the equivalent
circuit is a capacitive shunt reactance. The irises thus
described are rererred to as inductive and capacitive irises

respectively.

Several possible iris designs are shown in figure
96, Note that the aperture can teke several geometric shapes,
depending upon the portion of the cross-sectional area occu-
pied by the iris. The symmetrical inductive and capacitive
ijrises reduce the waveguide opening in the a and b dimensions
to a! and b' respectively (figures 96a and 96b). The
asymmetricai inductive and capacitive irises do likewlse,
but extend into the waveguide from only one side (figures

g6c and 96d).
b. Inductive Irises

Data on the symmetrical inductive iris are shown

in figures $7 and 98.

The range of discontinulties tested encompasses the
range normally encountercd in radar design problems, All of
the curves are straight lines with slopes varying between
2.1 and 2.4. Figure 97 contains data on variation of break-

down power with iris opening (a') for a series of 1/32-inch
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thick symmetrical inductive irises. Figure 98 also contains
data on iris opening, but in this case the thickness 1s 1/64

inch.

Table 13 shows the results of the tests on break-
down power vs iris opening. The first column lists the iris
dimensions; the second column the measured VSWR of the irls
at low power; the third column the power handling capacity
of the iris referred to standard waveguide at atmospheric
pressure, obtained by extrapolating the data; and the last
two columns 1ist tne predicted power handling capacity. The
first prediction was based on the V3WR present on a lossless
mismatched transmission line due to the iris reflection co-
efficient calculated from equation (15). The second pre-
diction was based on the reduction in cross-sectlonal area
calculated from equation (30). In the calculation based on
equation (15) it was assumed that the energy reflected from
the iris was absorbed without reflection by the Uniline
isolator, or in other words that there was no resonant
cavity effect. This assumption was reasonable since the
1.09 reverse VSWR of the Uniline indicated that the power

reflected from it was 27 db down from the incident power,
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Y TABLE 13
SUMMARY OF BREAKDOWN 1ESTS ON INDUCTIVE IRISES

Measured

Iris Power Predicted Power Handling

Dimensions Measured | Handling Capacity i
a'(inch) |t(inch) VSWR Capacity | VSWR (Eq. 15) | Area (Eq. 30)

0.760 1/32 1.22:1 80% 8L 84%

0.694 1/6L | 1.37:1 72% 75% 7%

0.695 1/32 1.45:1 6Ly 71% 7%

0.615 1/32 2.1:1 S7% 55% £8%

0.550 1/32 | 3.1:1 L3% L% 617%

0.490 1/6L Loly e 35% 38% Sh

N 0.490 1/32 5.2:1 35% 36% 55%

| - 0.420 1/32 11:1 | 28% | 30% L7%

Figure 99 shows a curve of percentage of waveguide
power vs V3WR for symmetrical inductive irises. As the VSWR
was Increased, the maximum voltage present in the waveguilde
was increased and hence the peak power handling capacity de-
creased., The theoretical curve 1s for a single mismatch on
a lossless transmission line, as calculated from equation

t (15). The experimental points show excellent agreement with
the theoretical curve. At no place do the curves differ by

more than 8 percent which is within experimentsl erro:r.
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Tests were performed on a series of asymmetrical
inductive irises shown in figure 100, The VSWR's of the
irises were varied from 1,32 to 5.6; these values are repre-
sentative of the 1irises encountered in practice., The data
are presented in figure 100 as ln-power vs ln-pressure curves
which are straight lines with slopes varying from 2,0 to 2,2.
‘the results of the tests on asymmetrical inductive irises are
presented in table 14 in columnar form. The first column
lists the 1iris opening, the next measuraed V3WR, the third
measured power capacity, and the last column lists the power

handling capacity predicted by equation (15).

TABLE 14
SUMMARY OF BREAKDOWN TESTS ON

ASYMMEIRICAL INDUCTIVE IRISES

Window Opening Predicted Power
at Power Handling Handling Capacity

(inches) V3WR Capacity (equation 15)
0.760 1.32 75% 7%
0.711 1,63 75% 65%
0.630 2.70 53% W%
0.603 3.50 1,85 L1%
0.5L4 | 5.60 37% 35%
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It can be seen from table 1l that the breakdown of asymmetrical
inductive irises follows the relationships obtained for the
breakdown cf a waveguide transmission line due tc a standing

wave, as predicted by equation (15).

The next tests were performed on tliree types of
capacitive irises: (1) a symmetrical iris with various window
openings, (2) a symmetrical iris with various window thick-
nesses, and (3) an asymmetrical iris with various window
openings. 7The data have been plotted in figures 101, 102 and
103 as 1ln-powsr vs ln-pressure curves, Each graph contains

a diagram showing the pertinent dimensions of the appropriate

(s

1nd 1
iris. All the curves are straight lincs whosc slopes vary

asy
from 1.2 to 1.5. These slopes are significantly less than
the approximately square-law relationship between power and

pressure which was obtalned for standard waveguilde,

A chart showing the different irises and thcir
measured peak power handling capacity at atmospherlc pressure
as a percentage of the power handling capacity of standard
l-inch x 1/2-inch waveguide 1s presented in table 15, The

slopes of the ln-power vs ln-pressure curves are alsn included,

The data obtained on the inductive and capacitive

irises have indicated a marked difference in power cerrying
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capaclty between the two units. (Inductive-iris power carry-
ing capacity was approximately 10 times that of a capacltive
irls with the same reflection coefficient.) This factor can
be utllized in the deslgn of matching structures for microwave
components since the choice of an 1inductive or capacltive re-
actance 1s determined by the physical position at which the
reactance 1s inserted., By selecting the positlion for an
inductlive reactance the power carrying capacity will be .n-
creased ten fold. It should be mentioned, however, that this
technique willl slightly reduce the bandwldth of the component
1f more length 1s required between the matching structure and

the componsnt,
1l.3 Breakdown Data on Waveguilde 3teps
a. General

lThe wavegulde step was next ilnvestigated. This
gstructure 1s widly used in microwaves as an impedance trans-
former for different slze waveguldes, Basically, the wavegulde
step 1s an abrupt change 1n elthser the dimension of the broad
wall, the narrow wall, or both. Brcad wall and narrow wall
wavegulde steps have been discussed in terms of equilvalent
circuits by Marcuvitz and Moreno*. If the step 1s lossless,

#See ref. 69, p. 296-302, 307310
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SUMMARY OF BREAXDOWN DATA FOr CAPACITIVE IRISES

1

| Power capacity

Relative to

{ Standard
Window i Waveguide at
Opening Thickness Atmospheric
Type bt (inch) d (inch) V3WR Pressure
Symme trical
capacitive
(capacitance
varied) 0.236 1/32 1.40 9.8%
0.188 1/32 1.75 6.6%
0,126 1/32 2.60 t.5%
0.078 1/32 L. 4o 3.6%
0.060 1/32 5.80 2.7%
Symme trical
capacitive )
(thickness 0.168 1/6L 1.63 6.6%
varied) 0,188 1/32 1.75 6%
0.188 1/16 2.10 . 9%
0,060 1/6L L.70 2.6%
0.060: 1/32 5.80 2.7
0.060 1/16 9.30 3.4%
Asymme trical
capacltive
(capacitance 0,286 /532 1.32 7.6%
varied) 0.238 1/32 1.60 6.6%
0.200 1/32 2.30 . 9%
; 0.1852 1/32 3.50 3.7%
i 0.136 1/32 L.20 2.%%

swreporduced from above for convenient comparison
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the effect of the discontinuity can be represented by 2 shunt
susceptance on the transmission line. The waveguide steps
tested are shown in figures 104, 105, 106. The equivalent
circuits for the steps (with the assumption that the losses
are negligible) are also inciuded. As was the case for the
iris, it is seen that a broad-wall step is represented by a
capacitive susceptance and tle narrow-wali step by an in-
ductive susceptance. Since it was desirable from the view-
point of practicability to retain the 1-inch x 1/2-inch
waveguide in the test circuit, it was necessary ‘to utilize
two steps in the test pilece. This allowed an additional
parameter, the length of the step, to be varied and thereby

yielded information on the proximity effect between two steps.
b. Inductive Steps

Breakdown data on the symmetrical irductive step
ig shown in figure 10L. The slopes of the ln-power vs 1n-
pressure curves are 1.9 for both test pieces which 1s essen-
tially the same as for standard waveguide. The power handling
capacity of a transmission with a single mismatch was calcu-
lated from equation 15 utilizing the measured V3WR's of the

steps. ‘the results are summarized in table 16.
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TABLE 16

SUMMARY OF BREAKDOWN DATA ON INDUCTIVE STEPS

(at atmospheric pressure)

al V3WR P calculated P measured
0.800 17 71% 78%
0.700 3.C L5% 652%

It can be seen that the measured valucs were larger than the
calculated values., In the worst case (a' = 0.700 inch) the
two values differed by 17 percent. 3incse the calculated
values represent the maximum power the transmission line

can carry, the difference between the theoretical and experi-
mental results must be attirituted to experimental error.

For the smaller step (a' = C.E00 inch) the difference is 7
percent and for the larger step (at = 0.7C0 inch) the dif-
ference is 17 percent. 3ince the calculated values represent
the maximum power carrying capacity of the transmission line,
the difference between the measured and calculated results
must be due to experimental errors. The experimental error
essociated with the test circult has been estimated to be
plus or minus 9.4 percent (see paragraph 7.4). 1In order to
account for the 17 percent difference, the wavegulide and step
data would have to be in error by almost the maximum amount,

and of opposite signs. 3ince this is very unlikely, the
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difference 1s probably not due to the test circult accuracy
but rather some hitherto neglected source of error, One very
likely source of error lies in the measurement of the V3WR cf
the step. The measurement wa: made on a standard impedance~
rmeter setup utilizing a crystal rather than a Littlefuse for
the detectirg element. Jince the crystal does not maintain

a square law response over a wide range, it may have led to

an error in the measurement of the V3WR of the a = 0,700 inch
step, leasurerients taken at this laboratory on a sampling

of crystals indicate that the error can be as high as 25
percent for a 3:1 voltage ratio, This would lead to a VSWR

of 2.25 and a czlculated power carrying capacity of 52 percent,
ihis 1s in closer agreercent with the breakdown data and is the

most probabtle explanation of the results.,

Cnce it was established that the breakdown of the
syrme trical inductive step was due to the standing wave
created on the transmission line by the mismatch, as was
also found fcr the 1nductive iris, the tests were termilnated
without investigating the effect of varying the step length,
or use of asyrimmetrical steps s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>